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Abstract
In the present work the experimental features of seco ndary
electron emission from solids are considered in view of the standard semiempirica l theory as well as recent transport theory
based on similar principles as sputtering theory . Electron as well
as proton-induced secondary electron emission are included.
The yield , the energy distribution and angular distribution of
the seco ndaries , and the contr ibuti on from reflected electrons
are compared with the predictions of the theories. The deficien cies in the semiempirical theory are discussed. The results of
the transport theory depend on the dominant production mechanism for the internal secondaries , cascade multiplication or pri mary ionization on ly. In both cases the predictions of the theory
show a fair agreement with the experimenta l results. Discrepan cies between the experimental data and the theoretical results
are discussed. Th e considerations demonstrate that ther e is no
simple yield dependenc e on the atomic number.

form October

07, 1987)

Contents
I. INTRODUCTION

Page
608

.

Ila . TABLE OF SYMBOLS

608

Ilb. BASIC QUANTITIES IN SECONDARY ELECTRON
EMISSION.
. ............
... 609
III. COMPARISONS TO PROTON-INDUCED
SECONDARY ELECTRON EMISSION

....

611

IV. BASIC BEHAVIOUR AND SEMIEMPIRICAL
THEORY OF SECONDARY ELECTRON
EMISSION . .
a. Basic features of secondary electron emission
b. Semiempirical theory: Derivation
c. Semiempirica l theory: Discussion . . . . .
d. Th e characteristic escape length

6 12
612
614
615
616

Y. TRANSPORT THEORY FOR SECONDARY

ELECTRON EMISSION
616
a. Basic features for the particle -emission theory . 616
b. Dominant cascade production of internal
secondaries. .
618
c. Primary ionization on ly . . . . . . . . . . . . . .
618
d . The distribution of energy D(E ,x,c os0)
619
e. Yield and energy distribution: Dependence on
primary energy . . .
620
f. Cascade multiplication or primary ionization
only . .
621
g. Discussion . . . .
621
VI. COMPARISONS TO EXPERIMENTAL DATA ..
a. The yield dependence on the primary energy
b. The efficiency of the reflected electrons for
electron bombardment . . . . . . . . . . .
c. The energy distribution . . . . . . . . . . . . .
d. The low-energy stop ping power dE 0 /dx
e. The influence of the work function
f. The yield dependence on the angle of
incidence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
g. The yield from mixtures . . . . . . . . . . . . . . . . . .

Keywords: Electron-induced secondary electron emission ,
proton-induced seco ndary electron emission , stoppin g power ,
comparisons between primary ions and electron s, semiempirical
theory , transport theory, ene rgy distribution of the secondaries ,
contribution to the yield from reflected electrons , the spatial
distribution of energy deposited in electronic excitations , seco ndary elec tron yield from insu lators.

607

622
622
624
624
625
626
627
627

VII. CONCLUSION

627

REFERENCES .

628

DISCUSSION WITH REVIEWERS ..

631

J@rgen Schou

I. Introduction

Related topics as , e.g ., the Auger e lectron emission and spec troscopy , X-ray induced photoelectron spectroscopy , e lastic
re flection of primary electrons , and secondary electron emission indu ced by heavy ions will not be included genera lly in
the present work. These topics have been treated comprehen sively by other authors , for examp le, Cailler et al. (1983), Cazaux
(1983) , Bishop (1984) , Seah (1984, 1985), Thum and Hofer
(1984), Cai ller and Ganachaud (1985) , Hasselkamp (1985) , Tofterup (1985) and Tougaard (1986).
Recently , the importance of secondary electron emission in
plasma-wall interactions has been discussed by Ertl and Behrisch
(1986) , and Hofer (1987).

The emission of secondary electrons from surfaces of solids
is a fundamental phenomenon which may happen whenever
energetic charged particles or photons impinge on a surface.
The main fraction of em itted electrons originate from excitation of conduction electrons in metallic systems or from ionization processes in insulators. In addition , primary electrons may
slow down and scatter and contribute to the yield of emitted
electrons. Essentially, secondary electron emission is a consequence of the interaction between the primary particle and the
electrons in the solid.
Secondary electron emission is utilized in particle multipliers.
In irradiation experiments it complicates generally aJI measurements of ion or electron currents. It leads to fast charge-up of
insulating surfaces on which it may not be desirable, e.g., on
bodies in the outer space or in experiments of plasma physics.
The most striking application of this fundamenta l emission
phenomenon is in scanning electron microscopy (SEM). By
means of the variation in the yield of emitted e lectrons one may
produce visible images of sma ll sample areas.
Practical applications of SEM will not be considered in the
present work. The subject is primarily the basic processes in
secondary electron emission and the experimenta l parameters,
which influence the magnitude of the secondary e lectron yie ld .
It is regrettable that a large number of the existing data for secondary electron emission have been produced in experiments with
poorly characterized surfaces. To some extent the development
of ultra-high-vacuum equipment has stimulated a renewed activity in providing precise data for secondary electron emission
from solids. In particular, this has taken place for secondary
electron emission induced by light keY-ions. Therefore , recent
results for proton bombardment will be incorporated largely in
the following discussion of electron-induced secondary electron
emission.
Secondary electron emission induced by electron bombard ment has been treated in a number of recent reviews: Reimer
(1985a) , Seiler (1983) , Seiler (1984) , Kanaya and Ono (1984),
Thomas (1984) and Bindi et al. (1987). In addition to these recent artic les , secondary electron emission has been comprehensively d iscussed by many authors: Dekker (1958), Hachenberg
and Brauer (1959), Seiler (1967), Bruining (1954), Kollath (1956),
Bronshtein and Fraiman (1969) and Seah (1969). Recent reviews
for ion-induced secondary electron emission have been presented
by Sigmund and Tougaard (1981), Benazeth (1982), Krebs (1983),
Thomas (1984) and Hasselkamp (1985). In some of these reviews
general aspects of electron- indu ced electron emission are included as well , (Sigmund and Tougaard (1981) and Hasselkamp
(1985)).
With regard to theory the present work concentrates on the
standard semiempir ical theory as well as transport theory for
secondary electron emiss ion based on a treatment similar to sputtering theory. The predictions from and consequences of this
latter treatment are discussed and compared with existing exper imental results for ion- and electron induced emission . The difference and simi larity between proton- and electro n-ind uced em ission is treated comprehensive ly as well. Several of the existing
Monte-Carlo codes are discussed by Bindi et al. (1987) , and will
not be included here. The present treatment covers essentially
eleme ntal materials. Mixtures , chemica l compounds or contaminated samp les will not be cons idered system at ica lly here.

Ila. Table of Symbo ls
A(E)

the ene rgy-dependent factor in the differential
ionization cross section (Eqs. 39 and 40a)
AI
constant in A (E 0 ) , (Eq. 18)
a
constant ( == 1.1658) in the stopping power (Eq. 7)
B(T)
spectrum of ejected electrons (Eq. 40a)
constant in A (E 0 ), (Eq. 18)
B;
characteristic shell energies (Eq. 5)
Cn1
C
constant (Eq. 30)
constant (Eq. 16)
Co
constant (Eq. 17)
constant (Eq . 54)
Ca
constant (Eq. 48)
Cs
constant (Eq. 54)
Cb
constant (Eq . 50)
CF
coefficients of the ionization cross section (Eq. 5)
Cnl
D(E ,O,cos0) spatial di stribution of energy depo sited in kinetic
energy of the electrons (cf. Eq. 33)
energy of the primary (Fig. I)
E
energy of an internal seco ndary (Fig. 8)
Eo
energy of an emitted secondary
E1
average ionization energy
Es
Fermi energy
EF
primary energy for the maximum yield Om
Em
binding energy of an electron in the nl-sh ell
En1
e
charge of a proton
f(E ,E 0 )
number of liberated secondaries (cf . Eq. 9)
G(E ,E0 )
average number of electrons with energy E0 , (cf.
Eq. 20)
integral (Eq. 41b)
mean excitation energy (Eq . 7)
distribution of secondaries before passing the sur face barrier (Eq. 10)
M(E 0 ,x)
number of liberated e lectrons w ith energy larger
than E0 (cf . Eq. 19)
electron mass
proton mass
density of atoms
exponent
number of secondary electrons with energy larger
than E0 (Eq. 28)
density of free electrons
nc
S(E)
stopping cross section at the energy E (Eq. 4)
Sc(E)
electronic stopping cross sect ion
Sn(E)
nuclear stoppi ng cross sect ion (Eq . 27)
magnit ude of the surface energy barrier
Uo
V
velocity of the primary

c,
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Bohr veloc ity( ~ 2. 19·106 m/sec)
ave rage ener gy to mak e an elec tro n-io n pair
depth
(= Ej Ep) (Eq. 51b)
atomi c number of tar ge t
rati o of the surfa ce value D (E, 0,cos 0) to the stop pin g powe r (Eq . 35 )
effic iency of the reflec ted elec trons (E q. 3)
secondary e lectron y ie ld (Figs. I and 2)
yie ld of elec tron s ge nera ted by prim a ry e lec tro ns
(Fig. 3)
seco ndary e lec tro n y ield ge nera ted by reflec ted
elec tron s (Fig. 3)
seco ndar y elect ro n y ie ld in forward dir ec tion indu ce d by primari es tran smitt ed th ro ugh a foil
max imum value of the seco nda ry elec tron yield
co nsta nt (Eq . 43 )
yield of reflected (backscattered) elec tron s (Fig. 2)
ang le of inc idence of the prim a ry
angle betwee n the sur face norm al and the dir ectio n of an intern al seco nda ry (Figs. 8 and 9)
angle betwee n the sur face normal and the dir ection
of an ej ec ted e lec tron (Fig. 9)
charac teristic esca pe le ngth
charac teristic esca pe length from Sea h and Dench
(Eq. 18)
tota l y ield ( = o + r,) for prim a ry e lec tro ns
material param eter (casca de produ ction) (Eq . 34)
material param eter (prim ary ionizatio n only) (Eq.
42)
io niza tion cro ss sec tio n fur ejec tion of an electro n from the nl- she ll of a n atom (E q . 5)
tota l io nizatio n cross sec tion (E qs . 6 a nd 40b )
wo rk functio n
intensity of the so ur ce of prim aries (cf. Eq. 20)
so lid angle for an inte rn al seco nda ry
so lid angle for an ejec ted elec tron
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Fig. 1 Schematic survey of the experimentally studied quantities in a secondary electron emission experiment.
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lib. Basic Quantities in Secondar y Electron Emission

Reflected electrons
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In the follow ing we w ill co nside r ma inly seco nda ry e lec tron s
from a so lid e mitt ed in a ll dir ec tio ns of the he misph e re in front
of the sur face as a res ult of electron bo mb ardm ent (Fig. I) . Th e
emitt ed e lec tron s (co llected ove r the co mpl ete hemi sphe re) have
all poss ible ene rg ies fro m 0 up to th e prim a ry e ne rgy E. A
sch e matic e nergy di stributi on is shown in Fig . 2 . Th e elec tron s
are co nventi onally di vided into two gro ups : Th e (tru e) seco ndari es with energ ies below 50 eV, and the reflec ted (bac k-scatter ed) o nes with energies from 50 eY up to th e primar y en e rgy
E. Th e di stribution of secondari e s ha s a maximum at a few eY,
wh e rea s th e one for the reflected el ec tron s often is peaked at
an en e rgy slightly below the primary ener gy. Thi s divi sion is
pur e ly form al since the origin of a detec ted electron cann ot be
det e rmin ed . Electron s from ioniz ation eve nts may also occur
abov e 50 eY, and primar y el ectron s may have slowed down to
a few eY before ejection . Th e small Auge r peak s do not contri but e signifi cantl y to the total numb e r of e mitt ed e lec tron s.
Th e total y ield ~ of emitted ele ctron s pe r primar y electron
may the n be expr esse d as

CD

ix:

Iii
0
>(!)

ffi
z
w

Auger
electrons

0

E

SOeV

ENERGY E 1

Fig. 2. A schematic energy spectrum for electron incidence.
The energy distribution do/dE 1 is depicted as a function of
the energy E 1 of the emitted electrons. The distribution
dr,/dE 1 is included as well. The areas corresponding to o
and r, are indicated. (The figure does not show details of
the peak of elastically reflected electrons).
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where o represents the seconda ries and ri the reflected (backscattere d) electron s. The seco ndary electron yie ld (or the seco ndary e lectron coeff icient) o is composed of the contribution 00
genera ted by primary e lectron s and the one 8 1 gene rated by
reflected e lec tron s :

o = oo+

01

primary
electron

VACUUM

(2)
secondary
electrons (6 , )

secondary
electrons (6 0 )
,-------_,_

-------

This is shown in Fig. 3. Occasionally , one exp resses 8 1 in such
a way that the eff iciency f3err
of the reflected e lec tron s may be
com pa red to the primaries:
(3)

(In the literature f3eff is also defined as f3err= 8 1/oo. The subscr ipt elf serves to distinguish f3errfrom the ratio (3 of the sur face value D(E ,O,cos 0) of the energy distribution to the elec tronic stopping power IdE /dx Ie (cf. Section Yb)) .
The present work concentrates on the seco ndary y ield o rather
than on the total y ie ld~. The total yield plays an important ro le
for the charge up of insulating materials (Re imer (1985b) and
Seiler (1983)).
The measurements of the seco ndary electro n y ie ld o and the
reflect ion coeff icie nt ri are performed at standa rd set-ups. The
primary e lectrons impin ge on a surfa ce with the a ngle of incidence 0. The curr ent co llected from the target is measured w ith
a hemispherical grid (F ig. I) biased on -50 eY and 50 eY. In
the first case one obtai ns 'Y/, and in the second one
o is then
determined from a subt rac tion of these two quantities.
The quantities that usua lly have been studi ed are the secondary electron yield o, the ene rgy distribution do/dE 1 of the electrons em itted w ith an energy E 1 (F ig. I) and the correspond ing quantities for the reflection coeff ic ient 'Y/- Apparently the
ang ular distribution do/d!11 has been studi ed systemat ica lly in
on ly a few cases.
The important parameters that determine the abso lute magni tude of these quantities are the beam parame te rs, the primary
e nergy E and ang le of inc idence 0. T he scatter ing material influences the y ie ld as we ll , in pa rticular the seco ndar y electron
y ie ld. Whereas ri for a fixed primar y e nergy and inc ident angle
essen tiall y is determined by the atomic number Za nd the thickness d of the sampl e (Re ime r (1985b), Niedrig (1982)) , the
depe ndence of o on the sca tterer is very com plex. In particular ,
it is known that the seco nda ry electron y ield o is much large r
for insulator s than for metals.
The coeff ic ients 80 and 8 1 have been studi ed separa tely. In
the se expe riment s o has been measured for self-supportin g, thin
film s or thin film s depo sited on a diff e re nt material as a function of 'Y/, in such a way that 8 1 may be evaluated from Eq. (3) .
Th en, ri has been varied by a change in the film thickne ss (Bronshtein and Segal (1960), Reimer and Dre scher (1977)).
Let us finish this disc uss ion with a short survey of the stoppin g power for an electron. After all , the secondaries are pro duc ed as a result of the slowing -down processes for the primary
particle . We shall occasionally utili ze the relationship between
the stopping power (dE /dx) , the stopping cross section S(E) and
the number density N:

SOLID

proton
VACUUM

secondary
s

~ Iectron

~I)'

r

IdE /dx I

=

NS(E)

SOLID

Fig. 3. The contributions to the secondary electron yield
from electron incidence (upper fig.) and from proton incidence. (Lower fig.)

The dependence on the primary energy E is e mph asized in the
stop ping c ross sect ion .
The stoppin g power for e lectro ns above 10 keY is quite accurately determined by the Bethe formula (Eq. 7). The formula
is discussed in greater detail by ln okuti (1971)and in the ICRU report (1984). The stopping power is proportional to the atomic
number Z even somewhat below this energy regime . Theoreti cal
calculations of the stopping power from Tung et al. (1976) and
semiempirical compilations by Green and Pete rson (1968) are
shown in Fig . 4 together with the ICRU -values. The calcul ations show undoubtedly the right trend below I keY, but the abso lute value may be somewhat uncertain. Unfortunatel y, ther e
are no systematic measurements of the stopping power below
I keY because of experimental difficulties. At the lowest energie s
the atomic number is not the key parameter for the stopping
power of metals . It is determined by the density of free electrons (cf. Sect. VI).

(4)
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Fig. 4. The stopping power for primary electrons. The stopping cross section S(E) = 1/N (dE/dx) is depicted as a function of the primary energy E. The slope corresponding to
E - 1 has been inserted. The data above 10 ke V are from
ICRU (1984), whereas the values for H2 and N2 and metals
below 10 keV are from Green and Peterson (1968) and Tung
et al. (1979), respectively. The energy in the latter case refers
to the top of the conduction band.
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work has been performed by groups in Giessen , Gothenburg ,
Bariloche and Saitama.
In many of these recent experiments the samples have been
cleaned by sputtering immediately before the measurements of
secondary e lectron emiss ion. The sputter c leaning reduced the
secondary e lectron yie ld to a saturation value that is characteristic of a clean oxygen-free surface. This method requires a keVion source, which often is unavailable in exper iments performed
with primary electrons. In experiments on electron-ind uced electron emission the targets are often prepared by the difficult insitu evaporation in ultra-hi gh vacuum. Alonso et al. (1980) prepared aluminum targets in both ways and did not observe any
significant difference in the yield.
A str iking examp le of the powerful sputter cleaning was
demonstrated by Hasselkamp (1985). A samp le of beryllium was
sputter- clea ned by Ar +-ions. The e nergy spectrum and the
yie ld are shown in Fig. 5 at several stages of the cleaning process.
The secondary electron y ield for 500-keV proton decreases by
more than a factor of 3, whereas the distribution of electrons
broadens during the cleaning. Furthermore, the changes of contact potential indicate an enhanced surface barrier for the clean
material. These observations are, of course, similar to the trend s
which have been reported for electron-induced emission from
metals and insulator s even under relatively poor vacuum conditions (Kollath (1956) and Seiler (1983)).
A simplifying feature of proton-induced emissio n compared
with e lectron -induced emission is that a lmost no protons are
refle cted for energies above 25 keV (Eckstein and Verbeek
(1984)). This means that all secondaries are created by the
primary particles on the way into the target alone. This case

Comparisons with Proton-induced Secondary
Electron Emission

There are relatively few treatments that consider both electronand ion-induced secondary elec tron emission. This is surprisi ng
since the basic interaction between a primary e lectron and the
target electrons, and that between a proton and the target electrons are similar. In this context we disregard all heavier ions
because of the comp lexity in the primary interaction , which is
caused by the projectile e lectrons or the high charge state of
the ions.
Measurements of the seco nd ary electron yie ld for keV protons and electrons in the same set- up have apparent ly been performed only by S<l'ensen et al. (1983) for targets of solid
hydrogen and deuterium. Musket (1975) determined the energy
distribution of the secon daries for keV protons as well as for
electron incidence on niobium targets. Theoretical treatments
have been performed by Kanaya and coauthors (Kanaya and Kawakatsu (1972) and Kanaya and Ono (1974)) based on similar
principles for both kinds of primary . The transport theory of
Schou (1980a) applies equally well to electron and ion incidence.
Finally, the treatment by Rosier and Brauer (198Ia,b) for electrons has been extended to one for protons as well (Brauer and
Rosier (1985)).
Within the last 10 years there has been large interest in repeating old measurements with proton s on metals with clean
samples under controlled vacuum conditions. The energy that
has been applied ranges from a few keV up to several MeV. The
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There a re th eore tica lly expec ted differences in the ene rgy
distributions betwe en e lectro n and proton impacts. First , the
high-ene rgy tail of the seco ndari es from proton bombardment
ranges up to more than 2 keY, whereas the upp er limit for the
electrons in the tail at most is the primary energy 500 eY. These
energetic recoil electrons have a very low produ ction cross section , and are peaked in a forward direction. Therefore , they will
hard ly contrib ute to the seco ndar y e lec tron y ield in th e back wards direction. Second , an alternative mechanism for prod ucing
seco ndar y e lec tron s by protons, the cont inuum -cha rge-transfer
process , may e nhance the numb er of elec tron s up to a factor
of two for certa in energies of ejectio n at primary energie s of
100- 500 keY (Tob ur en et al. (1978)). Third , these au th o rs indi cate that prot ons of a given velocity are more efficie nt for innershe ll ioniza tion than incident e lectro ns of the same velocity .
Howeve r, the continuum-charge-transfer
electro ns are peaked
in the forwa rd hemisphere. In spite of these differences , it turn s
out that the energy distribution of the emi tted secondaries is
fairly simil ar for the two types of projectiles .
Figure 7 shows the energy spec trum from polycrysta llin e niobium induced by 3 keY e lectro ns and 400-keV protons (Musket
(1975)). Since th ese two distributions have been obta ined in the
same set-up , Figure 7 demonstrates that the spect ru m indeed
is very s imil ar for ion- and e lectron incidence. Between 40 and
140 eY the io n-indu ced spec trum is about a factor of 1.4 la rger
than the electron- indu ced one. However , this deviation is insig nificant for the seco ndary electron yield because the low-energy
peak is entire ly dominant .
The previous discussion means that esse nti ally all the con siderat ions from proton-induced seco ndary e lectron em ission
for high primary e ne rgies ( > 100 keY) may be app lied to
e lectron - indu ced emission . A bibliography of recent measure ments for p ro tons has been co llected in Table I.

is show n in Fig. 3 as well. Consequently, the co mplet e seco ndary e lec tron y ield is equiv alent to the partial yie ld bo, and
there a re no slow primarie s includ ed in the yield as in electron indu ced emission.
Th ese compar iso ns are feasible on ly if the interac tion that
lea ds to the production of secondaries is similar for primar y
e lectro ns and ion s. Within the fram e of th e first Born appro ximation the ioniz ation cross sec tion crp1 for eject ion of an electron from the Zn 1-electrons in the nl-shell of an atom is (Mott
and M assey (1965)):
cr"I = __ I_
1

21re4 ~ Zn1 In 2m ev2

(41r€0) 2 mev2

I En1 I

(5)

Cn1

me, e and v are the electro n mass , the elementa ry charge and
the velocity of the primary , respectively. Cn1 is a quantity of
the order of the ene rgy of the shell. The coeff icie nts cn1 may
be evaluated ap pro ximate ly for all e leme nts. For hydrogen an
exact ca lcul ation is possible , and in this simpl e case the ioni zation cros s section is (Mott and Masse y (1965)) :
I
21re4
2m ev2
cri = 0.285 -----In ----(41reo)2 mev2 Es
(0.048 Es)

(6)

where Es is the ionization energy (for ato mic hydrogen == 13.6
eY). These cross sec tions for high primary veloc ities are sim ila r
for a primary e lec tron of charge - e and a proton of charge +e
with the same velocity v.
For a free e lectron gas, which may represent the cond uction
elec tro ns of metal targets, the probability of creati ng an exc ited
e lec tro n will depend o nly on the velocity of the primary (and
the free-electron density) as well. This is the case as long as
one consi ders a particle which suffers sma ll fractional changes
in momentum and energy (L indh ard (1954) and Ritchie (1975)).
In thi s cont ext it is con sistent that th e stoppin g power

~ =-dx

1- 41re4 N
(41reo)2 mcv 2

z

In ( am ev2 )
21

IV. Basic Behaviour and Semiempirical Theory of
Secondary Electron Emission

(7)

for a non-relativ ist ic e lectron of ve loc ity v in an e lement wit h
atomic numb er Z and atom ic density N is identica l to the stopping power for a proton wit h the sa me ve loc ity apart from a
factor of abo ut 4 in the argume nt of the logar ithm (lnoku ti (1971),
Sigmund and Haagerup (1986)). I ( == Z · 10 eV) is the mean
exc itation e ne rgy. a == 1.1658 is a co nstant.
After these theoret ical cons iderat ions let us now consider some
experim ental results of the ionization processes by e lec tron or
proton impact for equal velocities. Unfortunately , this comparison has not been pe rform ed very often , but results for the
total ionization cross sectio n of methane agree well for primaries
of both particl es within the experim enta l acc ura cy (Lynch et al.
(1976)).
Result s for the energy distribution s dcr/dEo from 1-MeV pro ton impact on hydro gen mol ec ules and argon atoms from Toburen et al. (1972 and 1978) are shown in Fig . 6 together with tho se
of Opal et al. (1972) for 500- eY electron impa ct. Thes e measurement s for approximately th e sa me primary velocity were not
obtained at the sa me experimental set-up , so that th e disagreement for th e lowest energies may not be significant. Th e two
curv es for argon dev iate at mo st by a factor of 1.35 betw ee n
IO and 100 eY. The disagreement for molecul ar hydro gen is
almost up to a factor of 2, but th e shape of the curves is neve rtheles s very similar.

IVa. Basic features of seco ndary electron emission
The common view of seco nda ry elec tron emi ssio n operat es
wit h an emiss ion event sp lit up into three stages :
i) primary ion izatio n by the bombarding particle durin g
penetration as well as secondary ionization by ene rgetic secon dary electrons ;
ii) migration of some of the libera ted electro ns to the sur face ; and
iii) esca pe of these e lec tron s through the potentia l barrier at
the surfa ce.
This thre e-s tep process is ass umed in practically all treatments
for e lec tron - a nd ion-induced seco ndar y e lectron emission .
A co mpr ehensi ve description of secon dar y electron emi ss ion
has to inc o rporate the following experim ental observations ,
which are common for both kinds of primary particl e :
A) The em itted elec tron s o riginate mainly from a thin escape
zo ne at the surface .
B) The angular distribution do/drl 1 of the emitted seco ndari es
from non- c rystalline so lid s is a cosine function.
C) Th e shap e of the energy distribution do/dE 1 is inse nsitiv e
to chang es in the prim ary energy and the angle of incid ence.
The absolute magnitude depend s strongl y on both param eter s.
D) The yield o(E) has a maximum for primar y electron energ ies be low or at about I keY. The corresponding ma ximum is
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Table 1. Recent Data for Protons
0

LU
"O

b

-500

10-11

"O

Ar

H2

l
l

1 MeV
eV

Authors

Alonso et a l.
(1980)

10-20L___.__~-~-L--~~~~~
10
1

100

KINETIC ENERGY (eV)

Fig. 6. Differential production cross section d8;/dEo in gas
targets for projectiles of about equal velocity. Data for electrons (Opal et al. (1972), for protons (Toburen et al. (1972)
and (1978)).

ENERGY
DISTRIBUTION
~

1

400 keV H+ }-Nb
3 keV •-

(0.u.)

Al

2-50

8

Li ,Al ,Cr ,Cu
Ag ,Au

0.7- 60

8

Mo

Ha sse lkamp et al.
(1981)

80- 1000

8

Al,Cu,Ag
W,Au

Hasselkamp and
Scharmann (1983a)

200-800

d8/dE1

Al

Ha sse lkamp and
Scharmann (1983b)

40 - 1000

8

C

Ha sse lkamp et al.
(1984)

75- 300

d8/dE 1

Au

Hasselkamp et al .
(1987)

75- 900

a)d8/dE1

Au

Holmen et al.
(1981)

10-400

8

Cu

Ferron et al .
(1981)

160
120
80
ELECTRON ENERGY E, (eVI

1.2-50

Koyama et al.
(1981)

4000 - 12000

8

Al,Cu,Ag
Au

Musket (1975)

30-400

8,d8/dE1

Nb

Svenson and
Holmen (1981)

10- 350

8,8(0)

Al

Svensson et al.
(1981)

30- 400

8(0)

Cu

The half width and position of maximum are indicated for
8 other metals.

The angular dependence in point 8) has been confirmed for
primary e lectrons , for examp le by Jahreiss and Oppel (1972).
Apparently , no results are available for proton incidence , but
recent meas urements for 40-keV Ar + -ions incident on polycrystalline aluminium by Mischler et al. (1984) demonstrate that the
distribution is a cosine function even in thi s case. However , the
distribution changes significantly for crystalline materials or
oblique ang les of incidence.
The simi larity of the energy distribution in point C) for several
primary energies of about I keV was investigated by Koshikawa
and Shimizu (1973), Roptin (1975) and Everhart et al. (1976) and
others. For energies below I keV there is a significant increase
in the full width at half maximum w ith decreasing energy (Bindi
et al. (1987) and Roptin (1975)). For incident proton s the energy
spectra turned out to be completely similar apart from the absolute magnitude in the energy range from 75 keV up to 900 keV
(Hasselkamp et al. (1982, 1983a and 1987), and Hasselkamp
(1985)). However , the precise shape varies co nsiderabl y from
metal to metal (Hasselkamp et al. (1987)).
The y ield dependence in point D) is well described in the
litera ture (Seiler (1983) and (1984), Thomas (1984) and Bindi
et al. (1987)). Although the yield found in old measurements
may be larger than the recent ones obtained in UHV-experiments ,
the basic beh avio ur with respect to the primary energy does

X1

40

Targets

8

Baragiola et al.
(1979)

a)

0

Energy range Quantity
(keV)
measured

200

Fig. 7. The energy spectrum d8/dE 1 from Nb induced by
by 400-keV protons and 3-keV electrons from Musket
(1975). The energy distributions have been normalized at
the peak maximum.
at about 100 keV for proton-induced electron em ission. The yield
decreases slowly with energy above these characteristic energies.
E) The yield 8(0) as a function of the angle of incidence increases with angle .
F) The yield 8 is generally much larger for insulating materials than for metals.
Point A) is well docum ented in the literature (Dekker (1958) ,
Bronshtein and Segal (1960), Seiler (1967, 1983, 1984) Kanaya
et al. (1978)). One should note that the escape depth for metals
and semiconductors ranges from 0.5 to 5.0 nm , whereas the depth
is much larger for insulators (10-75 nm) than for metals.
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up to about 70 ° for bo th ion and elec tro n inc idence. Fo r e lec tro ns inn varies from about 1.5 down to 0.8 (Se ile r (1983, 1984) ,
Re ime r (198 5a)) . For proto ns the value of n is ve ry close to one
(Mu sket (1975) , Svensso n and Ho lme n (1981) , a nd Svensso n et
al. (1981)). For sing le c rysta ls additi ona l stru ctur e beco mes
superimpo sed o n the cur ve, desc rib ed by Eq . (8) (Se ile r and
Kuhnl e (1970)) .
Po int F) co nce rnin g y ie lds fro m meta ls or insul ato rs is d iscussed by Se iler (1983, 1984) . The seco ndary electron yield from
meta ls induced by e lectron bom bar dm ent is us ua lly be low or
aro und 1 for metals. Fo r insulators the yie ld may be o ne o rder
of mag nitud e la rge r th an for metals. Th e co rres pondin g trend
is obse rved as we ll for p roto n bo mb ardm ent (cf. Sec tio n III) .

.........
.......,,,.....~~
SURFACE
/

SOLID

IVb. Semiempirical theory : Derivation
Let us now co nsider the sta ndard trea tm ent for e lectron- as
well as proton-induced seco ndary e lectro n emi ss io n from po lycrys ta lline materials. T he meth od was introd uced esse nt ially by
Sa low (194 0), Bru ining (1954) and Jo nker (1952) . Fo r the
mo ment we d isregard th e con tributi on &1 fro m the re flec ted
e lec tro ns to the seco ndary elec tro n y ie ld . We di sc uss pr ima ril y
pe rpe ndic ular incide nce with the geo metr y show n in F ig. 8.
Let (l/4 7r)f(E(x) ,Eo)d E0drlo be the numb er of internal seco nda ries with an energy in the inte rval [Eo, E 0 + d Eo] and d irec tion in [0 0 , rlo + drlo] liberated by a prim a ry particle of instantaneo us e ne rgy E(x) in the de pth inte rval [x , x + dx] (See Fig.
8).T his co rres ponds to stage i) in the sta ndard sc heme . We have
already assum ed that the produ ction of inte rn a l seco nda ries is
iso tro pic, but thi s is only partl y valid for th e prod uction of lowenergy electrons and even wrong for the high-energy seco ndar ies
(Opa l et a l. (1972) , and Wilson and Tobur e n (1975)). Since the
prod uction of seco nda ries that co ntribu te to the yield takes place
in a th in zo ne close to the surfac e (A), one may often neg lec t
the ene rgy loss of the pr iinary:

Depth

Fig. 8. The geometr y of the escape of a liberated electron
from the depth x with the initial energy E0 . The simple case
of perpendicular incidence is shown.

VACUUM

f(E(x) , Eo)dEodrlo "" f(E , Eo)dEodrlo

(9)

In the seco nd stage ii) the libera ted electro ns move towa rds
the sur face. In the co nventiona l app roac h it is now ass umed that
an elec tro n has a pro bab ility ex p( - x/ r..cos 0) of ar rivi ng to the
sur face a long a stra ight pat h from its point of libera tion (F ig .
8). A seco ndary that reac hes the sur face possesses its o rig inal
ene rgy, whe reas an elec tro n will not be ej ec ted if it undergoe s
j ust one co llision. The di stributi on of the secondarie s befo re
pass ing the ba rri er is the n :

Fig. 9. An electron passing the surface barrier. For a planar
barrier the energy component parallel to the surface remains
unchanged.
not change much . Values for the yield for a numb e r of eleme nts
have been obtain ed , fo r exa mpl e, by Ho lz! and Jaco by (1969) ,
Koshikaw a and Shimizu (1973), Roptin (1975) , Sc.re nse n a nd
Sc hou (1978). For insulatin g mate rial s, as for exampl e alkalihalides, the ma ximum of the y ie ld cur ve m ay even be co nside rabl y above I keY (Bron shte in and Pro tse nk o (1970)). Th e yie ld
dependence for prot on inc idence is summ a rized by Hasse lkamp
(1985) . Measurements which clea rly dem onstrat e a max imum
in th e seco nd ary e lec tron y ie ld close to th e maximum of the
stopping power have bee n perform ed by Mu sket (1975), Svensson
and Holmen (1981) , Holmen et al. (1981) and Hasse lkamp (1985).
Th e dependence of tl)e yield on the angle of incid ence in point
E) is compr ehensively trea ted in the literatur e. Usua lly, the data
fro m po lycr ystallin e mate ria ls are charac te rized by

00

(l/47r)dEodrlo(

J

dxf (E ,E 0 ) exp(-x / r..(Eo)cos0o)

(10)

0
Since the m aj ority of the elec tro ns o riginates from the esca pe
zo ne, the upp e r limit of th e integra tion ha s bee n extend ed to
infinit y. Th e n
J(Eo,rlo)d Eodrl o =( l/4 7r)f(E , Eo)r..(Eo)cos 0odE odrlo

(II)

Th e las t stage iii) involves the pa ssage of the sur face e nergy
barri e r of mag nitud e Uo (F ig . 9). In the stand ard mode l of a
planar barri e r (Hac henbe rg and Brau e r (1959), Schou (198 0a)
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and Sigmund and Tougaard (1981)) the dir ectional variable 01
and energy E 1 in vacuum are re lated to the ener gy Eo and angle
0o in the so lid via :

constant (cf. De kker (1958) and Ha sse lkamp (1985)). Equation
(17) emerg es from th e de rivation by Sternglass (1957) and Dek ker (1958) as well.

IVc. Semiempirical theory: Discussion
(12a)

Let us disre ga rd for a moment the doubtful derivation of expres sion (17). The attractive property ofEq. (17) is the factorization of 8 into three quantitie s, \. , W and (dE /dx) c. Th e characteri stic esca pe length A is independ ent of th e primar y energy
(and of the angle of inc idence ). The energy W required to mak e
an electron-ion pair is almost independent of the prim ary energy
(Beth e and Ashkin (1953) ). Indeed , the experimental result s for
gases show that W varies only slightly for electron energie s above
500 eV and proton energies above 100 keY. The interac tion with
the prim ary particl e and the tar ge t particl es is esse ntia lly de scribed by the energy W and the stoppin g power. Th e factorization
of the energy di stributi on do/dE 1 in Eq. (14) is incomplet e, but
we note that the interaction betwee n the primar y and target particl es enters only into th e production rate f(E,Eo). Th e energy
dependent escape length \(Eo) depends on the material, but the
use of one co mm on function for all metal s as a first approxim ation ha s been sugges ted (Hasse lkam p 1985).
Let us co nsider some of the po ints A- F of Sec. IYa, which
a re sa tisfac toril y covered by E qu ation s (17) and (14). The ex istence of a thin escape zo ne (A) has already been implicitly inc luded in the treatment. The shape of the energy distribution
(C) w ill depend very weak ly on the primary energy E as long
as the shape of the produ ction spectra f(E ,Eo)dEo does not
change significa ntly with E. Actually the spec tra are very similar
for primary e lec tron energ ies above 500 eV (Opa l et al. (1972)),
for protons above 300 keV (W ilso n and Toburen (1975)) , and
for exc itat ions in a free electron gas for e lec tron energ ies above
abo ut 5EF (Ri tchie et al. (1975) and Brice and Sigmund (1980)).
For non-normal ang les of incidence the production rate increases
to f(E,Eo)dE 0 /cos0. Thi s means that the shape of the energy
distribution doe s not c hange (C) and that the seco nda ry electron y ie ld , Eq . (17) increases (E). Finally , the y ie ld become s
much large r for insulators th an for metals (F), becau se the
character istic escape length ( ':' the esca pe depth) as mentioned
above is much larger for insulators (Bro hn shtein and Protsenko
(1970)) .
So me comme nts o n the so-ca lled uni versa l y ie ld cur ve for
primary elec tro ns may now be appro pri ate (Sei ler (1982, 1983)
and Thoma s (1984)). Baroody (1950) pointed out that if the
seco ndary electro n y ie ld o(E) as a function of th e energy was
nor malized by division of the y ie ld maximum Om, and tr ea ted
as a function of the normalized energy E/ E 111, the n all yield
curves apparently loo ked simil ar. (E 111 is the primar y energy for
the yield max imum) . Howev e r, D ek ker (1958) already demon strated that the trea tme nt was too simpl e and similar po ints have
been discus sed rec ently by Salehi and Flinn (1980). On the basis
of the se miempirical formula (17) the univer sal yield curve just
mean s that the stopping powe r (dE /dx) e ha s approximately the
sa me shape for all materials.
Let us now return to the deficiencie s of th e semiempirical
treatment:
a) The contribution of the reflected electrons is difficult to
include in th e model. The production rate has to incorporate
the varying energy and escape ang le of the reflected electron
instead of mere ly the primary energy and angle of incidence .
Howeve r, some approximations have been performed (Drescher
et al. (1970), Reimer and Drescher (1977)).

(12b)
and
(12c)
For metal s the surfa ce barri er is determined by the work function <I>a nd the Fermi energy EF :
(13)
For insul ator s the surfac e barri e r co rr es pond s to th e electro n
affin ity.
Equa tion (12) means that the ene rgy com pone nt parall el to
the sur face remains unchanged , whi le the component normal
to the surface is reduced (F ig . 9).
T he distribution do/dE 1 of emitted e lec tro ns is then

1/4 · (1-Uo/Eo)\(Eo)f(E

,Eo)dEo

(14)

where for co nvenience we kept the variab le Eo (12c) and dEo
= dE 1 on th e right-hand side. The seco ndary e lec tron y ield is
now obtained by integration with res pec t to the ene rgy Eo :
E
1/4 j (I - Uo/Eo)\(Eo)f(E,Eo)dEo
Uo

(15)

This ex press ion is of littl e use as long as the production rate
f (E,Eo) and the cha racteristic escape le ngth \.(Eo) are un known. Let us now incorporate the (incorrect) approx imation
that \(Eo) = A is independen t of the energy Eo at the liberat ion
and that the inte gra l of f(E,Eo) w ith respect to Eo esse ntiall y
leads to a quantity proportiona l to the e lectroni c stopp ing power
of the primary:

E

j f(E,Eo)dEo = (co/W)

I dE /dx I c

(16)

Uo
where co is a co nstant and W the average ene rgy requir ed to
make an e lec tron-ion pa ir. Stri ctly spea king, the average energy
requir ed is that neces sa ry to liberat e an elec tron with a kineti c
energ y larger than Uo for insulator s and metal s .
We th en have the semiempirical ex pre ss ion for the seco ndar y
electron yield

(17)

where the co nstant c I includes the contribution from the term
(U 0 / E 0)f(E ,Eo) in Eq. (15). This latter step includes the additional approximation that the energy of the ejected e lectrons is
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b) The cosine distribution dll/d0 1 (poi nt B) enters into Eq.
(11) but is in contradiction to point e) below. This external distribution reflects the point that the internal distribution of secondaries is assumed isotropic (Hachenberg and Brauer (1959) ,
Schou (1980a) and Sigmund and Tougaard (1981)).
c) The transport probability exp(-x / 'Acos00) from the point
of origin in the depth x to the surface is evidently oversimplified.
This behaviour with a straight- line trajectory is in str iking contrast to the frequent collisions with the core ions and target electrons. The mean free path for electron-core-ion co llisions is only
about 0.5 nm for a metal according to Ganachaud and Cailler
(1979) and Rosier and Brauer (1981b). Although the pertinent
cross sec tion includes small angle scattering, the cross sect ion
for scattering angles larger than 90 ° is appreciable . The transport of liberat ed electrons is discussed by Sigmund and Tougaard (1981), Tougaard and Sigmund (1982), and Sigmund (1987).
d) Cascade multiplication is only partly included. In the semiempirical model only primary ionization contributes to the
secondary electron yie ld via the production rate f(E ,E0 ). However, the contribution from secondary ionization is usually incorporated in the energy W. This quantity is, on the other hand ,
only poorly known for metals and many insulators.
e) The physical basis of the characteristic escape length
}..(Eo) is complicated. Obviously both electron-electron and
electron-core-ion collisions determine A. We return to a more
detailed discussion of this quantity below. With respect to the
approximat ion that the characteristic escape length for the yie ld
derivation is independent of the energy , >--(Eo)= >-, this is just
as wrong (Seah and Dench (1979)) as the other approximation
di scussed in point f) below . Nevertheless , the characteristic
esca pe length has been wide ly used in the literature as a fitting
parameter (Joy (1987)). The physical quantity that is inherent
in A, is the mean free path for sca ttering of more than ninet y
degrees on core ions. The mean free path for energy loss , e.g.
to conduction electrons , is not important in this connection , since
all electrons of energy E 1 below 50 eY are included in the
secondary electron yield. Another approach has been suggested
by Seiler (1967) , who argues that St--might be considered as
the maximum escape depth for the secondaries.
f) The integra l of the production rate in Eq. (16) is actually
not a quantity proportional to the stopping power but rather to
the ionization cross section. This problem will be discuss ed in
Section V as well.

These authors determined the constant A; and B;. The result ing curve has a minimum about 40 eY above the Fermi level
of abo ut 0.5 nm. If this expression for A is applied in Eq . (14)
one obtains essentially the correct shape for the energy distri bution. Howev er, this means that the only dependence on the
material is now that on the work function <I>and the Fermi energy
EF. This model does not account properly for the differences
between the energy distributions for the metals (Hasselkamp
1985), even if the dependence on <I>and EF is included. Although the calculations by Tung et al. (1979) for the low-energ y
electrons clearly show the same trend for A;as in Eq. (18) (the
exponent n = -1.5 instead of n = -2), they demonstrate as
well that the free-electron density plays a role. For energies
below about 20 eV above the Fermi level the materials with the
lowest density of free e lectrons have the sma llest inelastic mean
free path.

V. Transport Theory for Secondary Electron Emission
A number of authors have presented theories that are based
on conventional transport theory , e.g. on the concepts that are
utilized in neutron slowing-down. Wolff (1954) obta ined results
for the energy spectrum of the electrons and estimated the
maximum yield of the secondary electrons for electron bom bardment of metals. Stolz (1959), Hachenberg and Brauer (1959),
Puff (1964) and Amelio (1970) extended the theoretical treatment
along the same lines. Recently these approac hes have been refined by Bindi et al. (1980a ,b,c) and Rosier and Brauer (198la ,b)
for primary e lectrons and for primary ions by Devooght et al.
(1984) and Du bus et al. (1986). Many of these contr ibutions have
been discussed by Bindi et al. (1987).
The treatments have now reached a level where realistic pre dictions of the secondary electron yield and the energy distribution are possible. However , the evaluation of these quantiti es
is usually so comple:><that the dependence on the important
physical parameters often does not emerge from the calculations.
Below we will concentrate on the treatment which is based
on an analogy to the emission of secondary atoms as a result
of particle bombardment , i.e . sputtering (Sigmund (1969a ,
1981)). Results for secondary electron emission have been obtained by Schou (1980 a, b) and Sigmund and Tougaard (1981)
for incident electrons as well as ions.

Va. Basic features of the particle-emission theory

IVd. The characteristic escape length

We sha ll utilize the presentation given by Sigmund and Tougaard (1981) or Sigmund (1981). We consider an infinite medium
in which the target surface is located at x = 0. All the primary
particles initiate their motion in this plane . Let M(Eo ,x)dx be
the average number of liberated e lectrons in a layer [x,x + dx]
with an initial kinetic energy that exceeds Eo- M(Eo,x) includes
secondary ionization by energet ic elec tron s as well.
Let us now assume that M(Eo,x) varies slowl y as a function
of x, so that it does not change much within the escape zone
of the emitted electrons:

Let us finish this section with a few remarks on how the
characterist ic escape length t--(Eo) may be identified. There is
a gap, which so far has not been overcome, between the experimentally deduced elec tron mean free paths and the theoretical
curves for the inelastic mean free paths (Tougaard and Sigmund
(1982), Powell (1984)). The former curves , e .g. the one from
Seah and Dench (1979) include inel ast ic as well as elastic scattering. The theoretical ine lastic mean-free paths calculations are
all based on the application of a free-electron gas with various
modifications (Ritc hie et al. (1975), Penn (1976), Tung and Ritchie (1977), Ashley et a l. (1979) , Tung et al. (1979), and Penn
(1987)).
In the compilation by Seah and Dench (1979) A has been fitted
to a large number of exist ing data points in suc h a way that

M(Eo,x) ""' M(Eo,O)

(19)

Let us regard a source suppl ying f primary particl es per unit
time of initial energy E. This so urce generates a station ary distribution of liberated electrons. Then , the average number
G(E ,Eo)dEo of electrons moving at any time with an ener gy in
the interval [Eo,Eo + dEo] is:

(18)
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Then, the y ie ld may be obta ined from Eq. (23):

(20)

G(E,Eo)dEo = f M (Eo,0)dto

I

The mea n tim e dto required for an e lec tron to slow down
from Eo + dEo to Eo is:

b = _I_

4 Uo

dto

dE o

dE o
JdEo/dt I

v0 !dE o/dx

where vo is its instanta neou s velocity and d Eo/dx the stoppin g
power for such an electron. In fact, every liberat ed electron with
an ene rgy larger than Eo has to pass o nce and o nly once
through the energy interval [Eo,Eo + dEoJIf the angular distribution of e lec tron s is isotropi c, one immediately has:
G(E ,EoJlo)dEodflo ==
fM(Eo,0)

dE o
v0 IdE o/dx

(22)

I

This isotropy may not be caused by the produ ction cross section a lone. The frequent elastic sca tterin g events (cf. previous
sect ion) toge ther with the scatter ing in seco nda ry ionization /
exc itation pro cesses lead to a virtually isotrop ic velocity di stribution.
The average numb er of electrons arrivin g to the plane at x = 0
in a tim e interva l dt in a directi on aro und flo is then g iven by
G(E ,Eo,flo)dEodflo Icos0oIdt , where Oois the angle between the
so lid angle flo and the surfa ce nor mal. Finally, by dividing by
fdt we obtai n the number of e lectrons a rri ving to the sur face
per primar y particl e of initi al e nergy E:

dEo
J(Eo,rlo)dEodrlo == M(Eo 0)
'
JdEo/dx

I

Icos0oI
471"

drlo

(26)

We have utili zed the internal energy Eo alone as the variabl e
in Eq. (26). This leads to a more co nvenient express io n for the
y ield tha n if the ex it energy E 1 were used . Moreover , the up pe r limit has been extended to infinit e. Thi s is possible as lon g
as the interna l spectrum , charac terized by M(Eo,0) is peaked
toward low e lectro n ener gies.
At this point we have to spec ify the quantity M(Eo,0). In a nalogy with the prese ntation by Sigmund and Tougaa rd (1981) we
shall conside r the two extreme cases: I) the internal seco ndarie s
are predominantl y cascade electrons , or II) the seco ndaries are
genera ted only by the interacti on betwee n the primary and the
targe t e lectron s (prima,y ionization only) . Let us co nsider for
the moment the genera l results that are obv ious from Eqs.
(24)- (26).
The genera l three-s tep proc ess of seco ndary electro n em iss ion
is implic itly indicated by Equation (26) . The function M(Eo,0)
acco unts for the production of the libera ted e lectron s throu gh
prim ary ionization processes and /o r cascade multiplication. The
e lectron transpo rt enters via the factor IdEo/dx I , and the ejection throu gh the barrier via the factor (I - Uo/ Eo).
A detailed discuss ion now requires knowledge of the lowenergy stoppin g powe r IdE 0 /d x J. In many respec ts thi s qu a ntity is just as poor ly known as the characteristic escape le ngth
'A, which e nte rs into Eqs. (14) and (15). The low-e nergy sto pping power will be discussed in Section VI.
Let us, neve rthe less , make a compa rison between the pred iction of Eqs. (24 )- (26) and the exper imental observatio ns, which
are summ arized in A) - F) in Section IV. The ex iste nce of an
esca pe zone (po int A) is utili zed in Eq . (19) . The ang ular dis tributi on db/d!J 1 is a cosine function acco rd ing to Eq . (24)
(point B) . This is a co nsequence of the isotropic inte rna l distributi on , Eq. (22). We postpone the points C) and D) until both
the ma in production mec hanism and the factor M(Eo,0) are
discussed.
Concerning point E) the numb er of e lectrons M(Eo,0) pro duced in a surface laye r wi ll be strongly en hanced in the case
of non-normal inc idence . Finally, let us appl y the well-know n
relation in poi nt F for the stoppin g powe r.

(2 1)

I

dE o M(E o, O) (I -Uo/Eo)
IdEo/dx I

(23 )

These e lectron s have to pas s the surfa ce barri e r just as in the
case for the semiempirical de rivation . With these co ndition s
(Eqs. l2a-c) one obtain s for the di stributi on of the ejecte d electron s with respect to exit ene rgy E 1 and solid angle !11:

(27)
which me rely means that the tota l stoppin g power is a sum of
the e lectroni c co ntribution ("the electronic stoppin g power ") ,
NSe a nd "e lastic" co ntribution ("the nucl ear stopping power ")
NSn, In this connection "elastic" scattering refers to an e lectron atom co llision , in which the energy loss is negli gible co mpared
with the corresponding loss in an inela stic scatterin g event (Sigmund (1975) and S@rensen et a l. (1983)). If the electronic stop ping power is practicall y zero, e .g . , for slow elec tron s in insulator s below the threshold of electronic excitation , then the
nucle ar stopping a lone determine s the magnitud e of the deno minator in Eq. (26). Since the nucl ea r stoppin g power may be
up to severa l orders of magnitud e less than the electronic one ,
the y ield for insulators will be correspondingly large r.

(24 )
We keep in mind that Eo = E 1 + Uo, and that in the
denominator we have to use the stoppin g powe r IdE o/d x I of
the low-e ner gy electrons at the e ne rgy Eo. Th e ene rgy distribution is the n obtained by integration with respect to !11 over
the hemi sphere :

== _!__
M(Eo,0) __ E_,i
__
4
Eo IdE o/dx

I

(25)
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Vb. Dominant cascade production of internal secondaries
If the liberated electron s are ge nera ted predominantl y by cascade pro cesses, we may assume that the numb er of seco nda ries
of energy larger than Eoper electron of initial ene rgy E is given
by
n(E,Eo) ,., co nst. E/ Eo

for E

> > Eo

=

Nda;(E ,Eo)

f

A = -5:_
dEo
4 o Eo IdEo/dx

(28)

along the straight traj ec tory, whe re we now appl y the sta ndard
notation in slow ing-dow n theory for the differential cross sec tion da; for eject io n of an e lec tro n with ene rgy E 0 per target
atom and N for the numb er density. Then, one has

E1

+

o ,., -5:_IdE /dx Ic
4

dEo
(I Eol dEo /dx l

Uo/ Eo)

(34)

Ie

(35)

where (3 is a dimen sionless function , which varies with the angle
of incidence and with the ene rgy E (slowly). For incident protons
without a ny backscattering one cou ld expec t (3 = I for nor mal
incide nce. This is ac tu ally not the case because recoiling elec trons in the forward dir ect ion lead to a tran sport of e ne rgy away
from the surf ace. The value of (3 for proton s will then ra ther
lie in the interval between 1/4 and 1/2 (Table 2 and Schou
(1980a)). The co rrect ion becau se of this energy transport will
be di scussed in Sec. Vg.
The cons tan ts in Eqs. (30) - (33) may be determined experi mentally or from ioni.zation cascade theory (IC RIJ (1979)). Schou
(1980a) determined the co nstant con the basis of an asymptotic
solution to a Boltzmann equation. A simp le, genera l powe r cross
section for binary co lli sio ns was utilized in th e trea tme nt . Th e
resu lt is identical to Eqs. (3 1) - (34).
The co nnect ion between the interna l distributi o n of liberated
e lectro ns and the distribution D(E ,x,c os0) is a co nsequ ence of
the two distributions satisfy ing identical equ at ions in th e limit
of high primary energy E compa red with the instanta neous
ene rgy Eo of th e liberated elec tro ns apa rt from th e norma liza tion. T he treatment was comp licated because of a genera l start ing po int , i.e. , an elementa l target is bombarded by an e lec tron
or an arbitrar y ion different from the "target " ion. This led to
a system of thr ee equa tions. The method is essent ially the one
which has been applied successfu lly in sputteri ng theo ry by Sigmund (1969a) or (1981).

(30)

U0 as usual) , and the y ield

fo

(I - Ua/ Eo)

D(E,O,cos0) = (3ldE /dx

where c is a constant.
Since the right-hand side is esse ntially proportional to the electro nic stopp ing powe r IdE /dx Ic, o ne find s

(w here E0

I

is then determined alone by the target propertie s, the low-e nergy
sto ppin g power and the magnitude of the surfa ce bar ri er Uo.
All prop erties pertinent to the prim ary particle are incorporated
in the sur face value D(E ,0,cos0) of the distribution .
The energy di str ibuti on of the emitted electrons , Eq. (3 1) ,
may be ex pre sse d in ana logy with Eq. (33).
A detai led discussion requires knowledge of th e distribution
D(E ,O,cos0) as well as to the stopping power IdE o/dx I of th e
low-energy e lectrons. Both quantities will be discussed below
in g rea te r deta il.
However, from dimensional arguments alone we may express:

(29)

N oo
M(E 0 ,0) ,., cJ da;(E ,T)T
Eo 0

(33)

The mat e ria l-depe nd ent paramete r

Equation (28) is a standard result from ioniza tion theory (Fowler
(1923)) and defect produ ction by ion bombardment in solids (Sigmund (1969b)).
Let us disregard for the moment the scatter ing of the primary
particles (and any contribution from the backsca ttered electrons).
Th e electron s are libe rated with the production rate
f(E,Eo) dE o

D(E,O,cos0)A

(32)

Strictly speak ing, Eq . (30) does not repr ese nt the comp lete
sto ppin g power , since on ly the kinetic energy T rather than the
full e nergy transfer is includ ed in the integra l. In part icu lar , it
means that the binding e ne rgy for the electrons in insulators
is not taken into account. Fortunately , com pilation s show that
the "partial " stoppin g powe r in Eq. (30) is pra ctica lly proportional to the total stopp ing powe r for prim ary electro ns above
I keV (Peterso n and Green (1968)) and for proton s above 0.1
MeY (Wil so n (1972)) .
In the pr ese nt form Eqs. (3 1) -( 32) repr ese nt the case of par ticl e bombardm ent with the ang le of incidence O without any
bac kscatterin g . Obviou sly, sca tte red or reflected primarie s may
co ntribute to the y ield. The effec t of the se particles , which may
po ssess energie s betw ee n zero and E and all direction s during
the passage of the escape zo ne, is incorporated in the spati a l
di stribution D(E ,x ,cos0) of the average energy de po sited into
kinetic energy of th e e lectro ns pe r primar y particle . Then , the
yield is det ermined by the surfa ce value (x = 0) of the di stribu tion (Schou (1980a )):

Ve. Primary ionization only
In the case of co mpl ete abse nce of cascade producti on the
inte rnal seco ndari es are libera ted so lely by primar y ionizat ion.
The isotrop y, which has been ass umed in th e derivation of Eq.
(22), is now less ju stified than in the casca de multiplicati on case.
A trend to isotropy is the n due to e lastic sca tterin g eve nts a nd
poss ibly by the produ ctio n cross sec tion. We co nsider aga in a
prim ary particl e propagating along a straight line.
Since we now have th at
00

M (Eo,O) ,., N

J
T =Eo
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(36)
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Table 2. Material Parameter A

one immediately finds from Eqs. (25) and (26) that
00

Eo
ldEo/dx I

(eV)

(-S)
Eo

I

4

Al

11.6

4.0

0.029

0.6

0.34

Be

14. 16

4.98

0.028

0.5

0.275

Mg

7. 1

3.7

0.031

0.6

0.34

a)

J

dE o ---ldEo/dx I
Uo

(I - Uo/Eo)

(38)

(We have used the internal energy as variable just as in Eq.
(26)). Equations (37) - (38) are obviously quite different from
the correspond ing ones for the cascade multiplication case, Eqs.
(31) - (32)) . The yield and the distribution are not factorized
into a material parameter and a quantity that accounts for the
interaction between the primary and the target particle , as for
example in Eqs. (31) - (32) (and in (14) and (17)).
In order to obtain a factorization we may use the compilations by Green and Sawada (1972). These authors fitted a large
numb e r of experime ntal spectra from ioni zation by electrons
in gases to an expression

With this derivation we have factorized the yield into a product
of the ionization cross sect ion and a material parameter , given
by the integral. The substantia l result is that the yield is proportional to the ioni zat ion cross section, which is a reasonably
well-known quantit y (cf. Section III).
A differential cross sec tion of the same form as Eq. (40a)
for protons was reported recently by Rudd (1987).
The genera l case, in which the co ntribution of backscattered
primaries is included , will be determined by an expression analogous to Eq. (33). The appropriate spatial distribution is the
one for energy loss to ionizati ons, D(E ,x,cos 0), which we have
denoted similarly to the distribution in the cascade multiplication
case . For the simple case of a particle moving along a straig ht
line normal to the surface with the instantaneous energy E(x)
the distribution is merely Nai(E(x))Es , where Es is the mean
binding (ionization) energy for the liberated electrons. The material parameter differs from A in Eq. (34), since the material
parameter for primary ionization is determined by

(39)

which is quit e convenient for analytical purpose s . The quantity
A depend s on the primary energy and the target propertie s. The
shape parameter s T i and
are for primary energies above I
keV independent of the energy. A, Ti and r are tabulated by
Green and Sawada (1972). Ti is usually a few eY and r about
10 eY.
With this cross section or with the general cross section

r

dai(E ,T) = A(E)B(T)dT
and the corresponding

Api

(40a)

total cross section:

l

A(E)

B(T)dT

1

oo

Es

U

= --

J

g(Eo)dEo

(42)

An evaluat ion of this parameter has not yet been performed.
It is considerab ly more comp licated than the corresponding
calculation of the parameter for cascade production , Eq. (34).
The energy distribution do/dE 1 can be found from Eqs.
(4 1a ,b) . Before discussing the consequences of the yield, Eqs.
(4la,b) , we have to regard the behaviour of the spatial distribution D(E,x,cos0).

00

ai(E)

(3•)
primary
electronsb l
ionscl

reco iling electro ns included
b) energy range : 1-30 keV
c) 100 keV - 1 MeV

oo

N

A
(nm/eV)

(37)

and

o ==-

<I>

Metal

J dai(E ,T)

(40b)

0

Vd. The distribution of energy D(E,x,cos0)
one find s that the yie ld

o is

determined by

Although the important quantity related to secondary electron
emiss ion is the surface value, D(E,0 ,cos 0), rather than the entire distribution D(E ,x,cos0) we shall co nsider the entire distribution here.
So far, we have used the simple notation for a primary particle of initial energy E and angle of incidence 0 with respect
to the su rface normal. It is clear from reasons of symme try that
the azimuthal angle does not influence the distribution as long
as we consider non-crystalline mate rials .
Figure IO shows examples of the distribution for a MeV-proton
and a 2-keV electron incident on atmospheric air. The distribution is depicted in units of the electronic stopping power NSe(E).
The shap e is characteristic for MeV-protons in all materials up
to quite large depths , but the energy transport by high-energy
recoiling electrons is not included (cf. point e in Sec . Vg). The
distribution for the electrons has been computed by Berger and

00

o

Nai(E)

J

(41a)

g(Eo)dEo

Uo
The integrand, which is independent of E, is then
g(Eo)

J

_!__[
4

=

0

B(T)dTJ -

1

[(I-U

0 /E 0 )/ NS(Eo)]

J

B(T)dT
Eo

(41b)
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the agreem e nt between his calculations and Grun 's distribution
was goo d . Rece ntly, si mil ar evaluations have been perfo rm ed
by Fathers and Rez (1984) for 30-keV e lec trons incid ent on
co ppe r.
A number of Monte Carlo calculations have been ca rri ed out.
The reco iling e lectron s were includ ed by Berge r and Seltzer
(1970) , but the res ultin g di stributi on did not dev iate signifi cant ly from the energy-loss distribution s without these energe tic electron s. Similar energy- loss di stributi o ns have been det erm ined
by Bishop (1967) for several metal s at 30 keV, Shimizu et al.
(1970) for aluminium and co pper at 30 keV, Matsukawa et al.
(1973) for severa l metal s at 10 keV, Grosswendt and Waibe l (1978)
for nitrogen at about I keV, Turn e r et al. (1982) for water at
I keV, and by Heaps and Gre e n (1974) for hydro ge n .
Most of the ca lculati ons and all the expe rim ental distributions
apart from one by Cosslett and Thomas (1965) are for insulato rs.
In these materials the dominant mechanism for the produ ct ion
of inte rna l seco ndaries is primaril y ionization only (cf. Sect.
Vf). Since the re are no syste mati c data for metals in the e nergy
range below 10 keV, we will let ourselves be guided by the results
for insulat ors.
The consequence of co nsiderin g these distributions for primary electrons is that the seco ndary electron y ield ooprodu ced
by the primary particle s at the surface as well as the y ield
cause d by the reflec ted e lec tron s a re includ ed. Th e ene rgy
deposition which co rres pond s to the stoppin g power NS e(E) is
res ponsible for yie ld oo, while D(E,0, 1)-NS e(E) co rres ponds
to the yie ld o1 (F ig . 10) . The application of the surface value is
a direct result of the transport ca lculation for the seco nda ry electro ns from cascade multipli ca tion by Schou (1980a). A simil ar
idea was suggested by Shimizu et al. (1970). The two parts of
the surfac e value a re co mp ared with expe rim enta l values of oo
and o1 in Sec. Vlb.
A few remarks on the behaviour of the sur face value
D(E,0,cos0) of the distributi on may now be appropri ate. It is
a slowly vary ing functio n of the primar y energy E, as long as the
value is give n in unit s of the stoppin g power NSe(E). For light
eleme nts D(E ,0,1) decreases with energy, and the value is between
NS 0 (E) and 2NS 0 (E) for e lem e nts up to silicon , (G run (1957) ,
and Berger a nd Seltzer (1970)). For heav ier e leme nts the value
inc reases with energy up to a maximum betwee n 50 and 200
keV acco rdin g to Spencer (1959). He indicat es that the value
becomes as high as 4 to 5NS 0 (E) for the heavie st element s, e.g.
for lead , and that the value ge nerally increase s with the atomic
numb er Z. The behaviour is similar to that of the reflection coeffic ie nt 'Y/, which varies in the same manner as a functi o n of Z
and E. The prec ise relation ship betwee n the quantities is compli cated , even though the contribution that excee ds NSe(E)
originates from the energy loss of the refle cted electron s.
Ve. Yield and energy distribution: Dependence on primary
energy
We may conclude from the previ ous considerations that the
electron yield from electron bombardment is proportional to
the surface value of the appropri ate distribution of depo sited
energy. The surface value D(E ,0,1) is in turn proportional to
the stopping power. Thi s is in full agreement with the results
for dominant cascade production of the intern al seco ndarie s,
Eq. (32). For the alternative case of primary ionization only,
one finds from the available calculations that the surface value
of the corresponding di stribution as a good approximation may
also be expressed as the stopping power tim es a slowly varying
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Fig. 10. The special distribution D(E,x,1) of energy deposited
in electronic excitations from perpendicular incidence
(cos0= 1) of2-keV electrons and 1-MeV protons. The nitrogen
data for the electrons are from Monte-Carlo calculations by
Berger and Seltzer (1970). The stopping power for the proton
is so small that it remains practically constant. The energy
transport by recoiling electrons (cf. Sect. Vg) is not included.

o,

Seltzer (1970) . It shows a peak ca used by a combinati on of electron scattering and slowing-down at abo ut one-third of the range.
The shape is simila r for all materials, but the abso lute magnitude
depends stron g ly o n the material.
Let us now return to the problem of why the d istrib uti on of
ene rgy deposited into kinetic e nergy of the electro ns from the
cascade multiplication case apparently is equivalent to the spat ial
distribution of ionization s. Actually, Winterbon et al. (1970) have
shown for a re lated probl em that thi s distribution is equi vale nt
to the spat ia l distribution of kinetic e ne rgy apart from a no rmalization. This distribution includ es casca de io nization processes as well. However, for distributi ons which have been determined experime ntally, for example by detection of light emission
from ionized atoms, it is, of co urse , not poss ible to distinguish
between primar y and seco ndary ionization . It mea ns that one
just may mer e ly apply the experimentall y obtained distribution ,
irrespective of the major mec hani sm for elec tron liberati on .
Spatial distributions for e lectron bomb ardment have been obtained experim entally by Grun (1957) in atmospheric air , by
Cohn and Caledonia (1970) and by Bar rett and Hays (1976) in
nitro gen for e lec tron energi es from be low I keV up to about
50 keV. Everhart and Hoff (1971) measured the charge-carrier
pair generation in a system of aluminium, silicon dioxide a nd
silico n bombard ed by 6-2 0 keV electrons. Ehrenber g and King
(1963) studied severa l lumine sce nt material s betwe en 10 and 80
keV, whereas a co mplicated experimental determination of the
energy deposition in gold and copper film s was carried out by
Cos slett and Thoma s (1965).
Theoreti ca l evaluations were performed by Spe ncer (1955,
1959). He calculated the energy-loss distribution s for primary
energies at 25 keV and above in various material s, but did not
includ e the co ntribution from recoilin g electrons. Neverthele ss,

620

Secondary Electron Emission from Solids
M(Eo ,0) "" N

fun ction of the primar y energy (cf. Eq. (35)). According to the
di sc uss ion in Sect. Ve, th e quantity that gove rn s th e energy
dependen ce for primary ioni za tion only, is the total ioniz ation
cross sec tion , Eq. (41). However , one note s that the dependenc e
on the primary energy is similar for the stoppin g pow er, Eq.
(7), and the partial ionization cross sections, Eq. (5). For hydrogen the similarity between the total cross sec tion , Eq. (6) , a nd
the sto pping power is obvious. This similarity is, after all, o ne
of the reasons why the semiempirical res ult , Eq. (17), had a
fair suc cess.
If we now ign o re that (3 may depend weakly on th e primary
energy E, Eq. (35), we arrive at the approximate re sult that
the yield varies with stopping power as a function of ener gy
(S igmund (1981)). It means that th e yield curve s look simil ar
to the sto ppin g pow er cur ves in Fig. 4. This is point D) in Section IV. If the total surface value of the deposited ener gy is included , it lead s to a sma ll shift of the maximum toward high er
prim a ry energies for heavy material s. The reaso n is the strong
incr ease of r, (and th en also of D (E,0 ,1)) with energy for high-Z
material s, c. f. Reim er (1985a) and Niedrig (1982).
With res pect to the shape of the energy distribution, poi nt
C) in Section IV, we note th at it is ind ependen t of the primary
energy according to Eq . (3 1) for cascade producti o n of the internal seco ndar ies . For the case of primar y ionization only, this
point is utili zed in the factorizat io n of the energy distribution ,
Eq s. (40).

CXl

M(E o,0) "" NA(E)

W is the average energy
pair (IC RU (1979)), and
depends on the interaction
target e lec tron s (S igmund
behaves correctly for E 0

(47 )
N[ [ A(E) / (W+ Eol r m) l

=

0

for

W + Eo/r m

J

dTB(T)]

Tmin

CXl

J dTB(T)T for Eo "" 0 as ex0
pected. We note that a lar ge va lue of W limit s the imp o rtance
of the cascade term . The reaso n is that the numb er n(E ,Eo) of
liberated elec tron s with an energy exceed ing Eo becomes sma ll
accord ing to Eq. (43). A suffi c ient number of highly energetic
e lectro ns in the primary spectrum are necessary for a sig nifi ca nt cascade contrib uti on . Even for metals the cascade multiplication is not prevailing for e ne rgies too much below I keY.
The production spectrum peaks at about 20 eY (Ritchie et al.
(1975) and Tung and Ritchie (1977)) , so that these exc ited e lectrons produce on ly very few free e lectrons w ith energy above
the surface barrier.
For W "" 20-40 eY, which cor responds to the case of insu lato rs, the first term o n the right-hand side of Eq. (47) w ill
be the dominant one . This term approaches the ion iza tion cross
sec tio n for sma ll Eo.
Vg. Discussion
Transport theory leads to resu lts for the energy distribution
do/dE 1 and the seco ndary elec tron yie ld which emerge in a simple analyt ical form, althou gh the necessary input quantities, e.g.
the surface va lue D (E ,0,cos0) of the depos ited ener gy may not
be eas ily available. For the simple case in which th e cont ribu tion of th e reflected primaries is neg lected , the depen dence on
the prim ary e nergy via the stoppin g pow er or the total ionization cross sect ion is demon strated in a particularl y clear manner,
i.e. in Eqs. (31), (32) and (4la ,b) .
Th e characteristic behaviour of the secondary electron emi ssion , which was summariz ed in point s A)-F) in Section IV, ha s
bee n incorporated in the treatment or is obtain ed as res ults. A
part of the re sults has even bee n obtained without specifying
the dominant production mechanism , cascade production or
primary ionization only, (cf. Ya). An extensive comparison with
the experimental data follows in the next sec tion.
Before discussing so me of the problems which as yet are un reso lved , let us compare the y ield expression Eq. (32) with that
derived by Bethe (1941):

(44 )

=

A(E)

to the stop pin g pow er A(E)

required to produce an io n-e lectron
rill a cons tant (0 < rill < I) that
betwee n the primary particle and the
and Tougaard (1981)). The express ion
= 0 at lar ge electron e nergies:

E ~ T min

J dTTB (T)
T min

If W "" 0, as for exam ple for co ndu ction e lec tron s in metals ,
the parenthesis with th e cascade con tri bution w ill be the signi fica nt term for small Eo. Th e leadi ng term is then prop or tional

This behaviour is well do cumented in th e literature (ICRU
(1979)) for electron energies in the keY range . The form is also
co nsistent with the cascade assumption, Eq. (28), for large
primary energies compared to the energy E 0 . As a first approximation for low primary energies one may apply
n(E ,Eo)

CXl

CXl

(43)

n(E ,0) "" E/ W

J B(T) dT +
Eo

The question of how the electrons are liberated has not yet
been discussed in detail. The orig in of the electro ns does not
play a decisive ro le for the yie ld dependence on the prim ary
energy as long as one cons iders an expe rim enta lly obta ined sur face va lue .
Let us now make a simple estim ate of the dominant production
mechanism (S igm und and Tougaard (1981)). We approx im ate
the numb er of seco ndari es w ith a n e nergy exceed ing Eo ini tiated by an electron of energy E as

-I

(46)

The first integral represents the electrons from primary ioniza tion processes , whereas the second one accounts for the cascade
electrons. Let us now utilize the differential production cross
section, Eq . (40) and assume that it peaks at low energie s. Then ,
we have

Vf. Cascade multiplication or primary ionization only

E
n(E ,Eo) = ---W+Eo / rlll

J da;(E,T ) + N J da;(E ,T)n(T ,Eo)
T~Eo
T~Tmin

(45)

The relative contributions of primary and secondary processes
to the quantity M(E 0 ,0) , Eq. (19) , from the penetration of the
primary particle through the escape zone are now determined by

o = IdE /dx Ie

627

cs
ldE 0 /dx I

(48)

l<ilrgen Schou
pie the he mi sphe re .
c) The effect of plasmons is o nly partly includ ed. The energy
loss to pla smon gene ration is incorporated in the stoppin g power
for the primaries as well as for the liberated e lectron s. However,
the fraction of em itted e lectrons that orig inates from decaying
plasmons has to be treated separa tely. A significant co ntributi on
from plasmons has been observed in the energy distribution of
the em itted e lectro ns for a luminium bombarded by e lectrons
as we ll as by ions and for ion-bombarded magnesium (Everhart
et al. (1976) and Hasse lkamp et al. (1987)). Rosier and Brauer
(1981b) even reach the result that the plasmon con tributi on to
the yie ld l>oexceeds the yie ld from the direct electron excita tion in aluminium.
d) The spatia l exte nsion of the escape zone may not be neg! igib le. This is important for insulators with large escape depths
because the energy of the primary particle no longer may be
considered as consta nt throughout the zone. Then the approximation performed in Eq. (19) is invalid . This restriction affects
the final results , of course, but as a first approximation one may
app ly an average of the deposi ted e nergy over the escape zone
in the eq uation instead of the surface value D(E,O,cos0).
e) The energy transport away from the point of impa ct by
energetic recoiling elec trons has already been mentioned in Sec.
Vb. This effect was included in the calculations by Schou (1980a)
for the cascade production of the liberated e lectro ns. Obviously ,
for the a lternative case of primary ionization on ly, the effect
does not occur. The correction for electron bombardment leads
to a reduction of the surface value of the deposited energy by
a factor of 0.5 , because of the e nergy transport. Th is is shown
in Fig. 11.According to the consideratio )l by Schou (1980a) this
factor may be applied as an approximation both to the part of
the surface value that is produced by ionization s from the
primary electrons and that produced by ionization s from reflected electrons. As mentioned ea rlier for protons the corres ponding theoretical correction leads to a corrected surface value
/3IdE /dx Ie with a value of {3 abou t 0.3 for most materials for
perpendicular incidence (cf. Table 2 on page 619). However ,
another possibility is to determine {3 from transmission experiments for foils through which the protons penetrate essentially
without any scattering or energy loss. From the seco ndary e lectron y ield orinduced by the transmitted beam and the usual
secondary e lectron yield oone finds that {3 = l/ (1 + brio) (cf.
Schou (1980a)).
Apart from the first point about the corrections for a semiinfinite medium , one note s that these weak points are common
both to the transport theoretical treatment and the semiempirical
one .

Table 3. Efficiency of the Reflected Electrons for Aluminium
Authors

Data
type

Energy
(keV)

01/00

Thomas and
Pattinson (1970)

Exp.

2

0.7

Bronshtein
and Denisov (1967)

Exp.

2-4

1.0-0.8

Reimer and
Drescher (1977)

Exp.

9.3-17 .3

0.4-0 .5

Monte
Car lo

29.3

0.58

Exp.
energy
deposition

5-25

0.63

Shimizu et al.
(1970)
Everhart
a nd Hoff
( 1971)

where cs is a constant in the interval [1/ 10, 1/4] and where the
stopping power IdE /dx Ie = NSe(E) as usual is determin ed by
the primary energy E. Unfortunately, Beethe did not publish
his derivat ion. The low-energy electron stopp ing shou ld probably
have a value close to the average value for the emi tted e lectrons.
This point has not been specified by Bethe. Another remarkab le point is that Bethe cons idered primary electrons as well
as protons in his treatment.
One difficulty in applying resu lts from this sect ion for the
y ie ld and the ene rgy distribution is the lack of sufficient knowl edge of certain input quantit ies like the low-energy stopping
power and the surface value of the deposited energy. The latter
quantity is not at all known for metal s for energ ies bel ow 10
keV exce pt for aluminium, mag nesium and sodium (Everhart
and Hoff (1971)) . The low-en e rgy stopping power has been
evaluated in a sat isfactory way on ly for a free e lectron gas and
possibly for a few insulating materials. We return to thi s quan tity in Section VI.
Let us now summarize so me of the features which have not
been resolved by the present treatment:
a) The derivation has been performed for an infinite medium ,
in which a surface energy barrier has been app lied at the refer ence plane x = 0. Electro ns that are scattered back and forth
through the surface as a result of scatter ing in the negative halfspace will be counted more than once. This is a seve re problem
for large angles of incidence or for insulators with a sma ll stopping power IdEo/dx I for the low-e nergy electro ns. For normal
incidence the majority of the e lectrons will be slowed down by
the electroni c stopp ing to a level below the surface barrier after
two surface crossi ngs . Similar problems have bee n discussed
by Sigmund (1981) in connectio n with sputterin g.
b) The effect of band structure or directional effects in crystals
are not directly included in the treatment. It impli es a random
distribution of the ato ms and of the pos sible conduction electrons. Howev er, the band struc tur e may partl y be taken into
account by the low-energy e lectron stopping power. Angleresolved mea surement s of the ene rgy distribution of the emi tted
electro ns have been found to show a fine structure that reflec ts
the dens ity of states in the crysta l (Willis and Christensen (1978)
and Schafer et al. (1981)) . This structur e, which is superimpo sed
on the background of seco ndar y electron s, disappears when the
ene rgy distribution is reco rded for large so lid ang les , for exam-

VI. Comparisons with Experimental Data
Via. The yield dependence on the primary energy
The dependence of the seco ndary e lectron yield o on the
primary energy Eis fairly well exp lained by Eq. (33) for metals
as long as the cascade product io n of secondaries is dominant.
Let us consider recent res ult s from proton bombardment on
aluminium, cop per, and noble metals in Fig. 12 before we spec ify
the value of the factor {3 in Eq. (35). The energy ranges from
a few keV up to severa l MeV. The low energies are includ ed
in order to cover the e ne rgy region of the stopping power max imum. The proton stoppin g powers for the four metals from the
compi lations of Andersen and Ziegler (1977) are includ ed in
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Fig. 12 as we ll. On e notes the strikin g s imilarity in shape for
both sets of curves. Th e y ie ld and the stoppin g powe r cur ve for
a luminium lie signific antly to the le ft of the c urves for the other
mate rials. Thi s co mp arison is poss ible beca use the mutual scatte rin g betwee n the results from diff e rent experim e nta l group s
is small .
Th e y ie ld for silver is somewh at larger than that for gold ,
although the stoppin g powe r for go ld is the larges t o ne. Th e
rea so n for thi s is that the param ete r A (Eq . (34 )) varies from
one mate rial to anoth er.
Hasse lkamp (1985) has pointed out that the yie ld is practica lly
prop ortion al to the stoppin g powe r for all four metals over the
e ntir e ene rgy range. Thi s mean s that the facto r (3 in Eq. (35)
is co nstant. Th e experimental dat a po ints (Hasse lkamp (1985))
demonstrat e that the behaviour of the seco ndary e lec tron y ie ld,
which is show n in Fig. 12 , is quit e univ ersa l at leas t for metals.
Let us now rega rd the energy dependence of the electroninduced yield. Th e data in Fig . 13 for elec tron bo mbardm ent
of aluminium have all been produ ced within the last twenty years.
Nevertheless , the mutual agreem ent is not convinc ing. Thi s disc repa ncy reflects the difficult y of making seco nda ry e lectron
yie ld measur ements on a chemicall y active material. However,
the trend is clea r. Th e yield show s a maximum between 200
and 500 eV. This is typical of metals with low atomic numbers.
The yield calculated from Eq. (33) with D(E ,0,1)=(3 ldE/dx lc
and A = 0.029 nm /eV (Schou (1980a) and Table 2) has been inserted in the figure . The factor (3has been evaluated as (3 ==0.8
from the results of Everhart and Hoff (1971), who report a sur face value D(E ,0,1) close to 1.6 I dE /dx 1- This value is reduced
by a factor of 0.5, because of the energy transport by recoiling
electrons (Schou (1980a) and Sec. Vg). The stopping power from
Tung et al. (1979) has been utilized below 10 keV and the Bethe
formula , Eq . (7), above this energy. The theoretical yield has
been evaluated on ly down to 1 keV, since the stopping power
becomes increasingly uncertain and the cascade contribut ion
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Fig. U. (Upper fig.) The secondar y electron yield 8 from
proton bombardment depicted as a function of the energy
E. 0 0 , Baragiola et al. (1979), DD , Koyama et al. (1981), • • ,
Hasselkamp (1985), · · ·, Svensson and Holmen (1981) for
Al, Holmen et al. (1981)for Cu, ---, interpolation. The figure
is taken from Hasselkamp (1985). (Lower fig.) Stopping
powers from Andersen and Ziegler (1977) for the four metals.
The electronic stopping cross section Sc(E) (cf . Fig. 4) is
depicted as a function of the energy E.
much less domin ant.
The ene rgy for the maximum of the second ary electron yields
depend s considerably on the group , and the stopping power maximum for aluminium is below 100 eV accordin g to Tung et al.
(1979). It means that it is difficult to indicat e any definite correla tion between the stopping power and the secondary electron yield in the region around the stopping power maximum.
The se considerations are common for all metal s. For electron
energie s above I keV the secondary electron y ield is roughly
proportional to the stopping power via the surface value D(E ,0,1)
of the deposited energy . Below I keV there are practically no
experimental results for the stopping power that may ju stify a
definite compari son with the secondary electron yield.
For e lectron energ ies above I keV the te ndency is clear: T he
yield is proportional to the stopping power over large energy
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Since the qu antiti es o 1 and
have bee n eva luated in a num ber of cases for aluminium , we may compar e the results from
the seco ndary electro n yield to the values deter mined from Everhart and Hoff s meas urements. The data for the efficiency o 1/oo
= 'Y/
f3err have been co llec ted in Table 3. One notes that the
agree ment is quit e satisfactory. Only data for ene rg ies la rger
than 2 keV have bee n includ ed, since the value from Eve rhart
and Hoff hard ly may be expected to be su ffic ie ntly acc urat e
below 2 keV.
For other eleme nts no reliable energy distributi ons are directly
availab le. The data for beryllium from Bron shte in and De nisov
(1965) may be compared to the values for the energy distribution
in air from Berger and Seltze r (1970) in the energy range from
2 to 5 keV. Wh ereas the seco nda ry electron y ields for beryllium
give a value of0. 3 to 0.2 for o 1/oo, the distribution g ives a ratio
from 0.4 to 0.3, even thoug h the relati ve difference in ato mic
numbers is co nsiderab le.
For heav ier eleme nts the trend is different. As predicted one
obta ins la rge rat ios for the yie lds from lead eve n at 2- 5 keV.
Bronshtein and Denisov (1965) report that o 1/o0 is abo ut 3. The
correspondin g value of abo ut 1 for gold in the energy range from
9 to 30 keV from Re ime r and Drescher (1977) is surpri singly
low. Unfor tun ate ly, detai led compar isons between the experi mental and ca lcu lated yie ld have to be pos tponed until energy
distributions of the depo s ited energy at these energ ies are
available.
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Fig. 13. The secondar y electron yield ofrom electron bombardment of aluminium. Experimental points: Thomas and
Pattinson (1970), Bindi (1978), Roptin (1975) for a single
crystal recorded on a (421)-surface, Bronshtein and Denisov
(1967), and Reimer and Drescher (1977). Theoretical results
from Schou (1980a) or Table 2.

Vic. The energy distribution
The simil ar ity between the e nergy distribution do/dE 1 for
primary prot o ns and e lec trons for different primary energies
has already been discussed in co nnect ion w ith point c) in Sec tion !Va. The independence on the primary e nergy is demon stra ted by Eqs. (25), (3 1) a nd (37) from the transport theory
and from Eq. (14) in the semiempir ical treatment.
A particularly str iking examp le is shown in Fig. 14. The energy
spec tra for protons from 100 keV up to 800 keV on go ld have
been measured by Hasse lkamp (1985) and Hasse lkamp et al.
(1987). One notes that the spectra are simi lar from 10 to about
50 eV except for the abso lute mag nitud e, which is determi ned
by the stoppin g power (cf. Fig. 12) . The low-energy characte ristics of the peak , which lies below 10 eV, have been investigated
also by Hasse lkamp et al. (1987). The ene rgy for the maximum
of the peak as well as the ha! f w idths are cons tant in this proton
energy reg ion .
The energy distr ibution from 10 to 50 eV may be approximated
by a powe r with an expone nt n = - 1.65. Th e e nergy distribu tion based on casca de multiplication , Eq . (3 1) , yie lds a slope
with a co rres pondin g expo nent n ==- 1.8, prov ided that a lowe nergy stoppin g power proportional to (Eo-EF) 2 ·4 is used (cf.
Section Vld ). Here the Fermi energy for go ld has bee n app rox imated by 10 eV, which is co nsiste nt with recent data for photoemi ssion (Hasselkamp (1985)). The work fun ction <I>has bee n
set equal to 5 eV in thi s es timat e (cf. Mi chaelson (1977)). However, Ha sse lkamp point s out that acce ptabl e agreement between
the experimental and the ca lculated spectra is obtained with the
semiempiri ca l trea tme nt , Eqs. (14) and (18), as well as the cascade treatm ent. Above 50 eV mo st of the e lec tron s orig inate
from primar y ioni zatio n o nly. On e note s the significant depe ndence on the prim ary ene rgy. The magnitud e of the high-energy
tail in the production cross section is very sensitive to variations
in ejection angle and prim ary energy (e.g. Wilson and Tobur en
(1975)).

intervals since the var iation of {3 in Eq . (35) with the primary
ene rgy is very weak . T his proportionality has bee n de scr ibed
and applied frequent ly in the literature for examp le by Dekker
(1958) , Hachenberg a nd Brauer (1959) , Se ile r (1983), Reimer
(1985a) , and Reimer and Riepenhausen (1985). The stopping
power has been approximated by a power E - n, where n ranges
from 0.3 to 0.8 depending on the material.
With regard to the compariso ns between proton and electro n
bombardment one has to keep in mind that the y ields in Fig.
12 are produced in a region where the energy loss to the conduction electrons prevails. Actua lly the dominant co ntributi o n
to the stoppi ng power arou nd the maximum at about 100 keV
originates from exc itat ion of the outermost she ll e lectro ns or
the cond uction electro ns according to Oddershede et al. (1983).
For a primary elec tron , the co ntributi on from the 2p-shell in
a luminium to the sto ppin g power above 500 eV is co mpara ble
to that from the conduction electrons (Ashley et al. (1979)). After
all , it means that the compariso ns between the two project iles
may not be entirely feasible, unless the velocities of the primaries
are equal.

Vlb. The efficienc y of the reflected electrons for electron
bombardment
The two co ntribution s to the seco ndary electron yield, o0 and
o 1 (Eq. (2)), are determin ed by the energy deposition in the surface layer by the primary electron and the reflected electro ns,
res pectively. According to the disc uss ion in Section Vd the surface value D(E ,0,1) of the depos ited ener gy for per pendi cular
inc idence may be split up into the two corresponding contribution s, NSe(E) (the stoppin g power) and D(E,0,l)-N S0 (E). It
mea ns that
[D(E ,0, 1)- NSe(E)]/NS e(E)

(49)
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Unfortunately, no similar comprehensive series of recent electron-induced spectra exist. A systematic study of the energy spectra for energies from 2 to 100 eV on well-controlled surfaces
is desirable. The spectra have been measured at low primary
energies, for which the values of both the peak maximum and
half-width vary slightly with the primary energy. The results
from Bindi et al. (1987) and Roptin (1975) indicating this tendency are influenced by the short range of electrons below and
about 1 keV. It means that the approximation in Eq. (19) is unjustified. In addition , one has to include the contribution of the
reflected electrons as discussed in the previous subsection.
Nevertheless , some expectations of the low-energy part of the
energy distribution may be emphasized on the basis of the recent
data for proton incidence. The results for 500 keV-protons incident on a number of metals from Hasselkamp et al. (1987) demonstrate clearly that characteristic properties of the energy
distribution vary considerably. The position of the maximum
varies from 1.8 eV (Si) and 2 .0 eV (Al) up to 3.8 eV (Nb). The
full-width at half-maximum increases by a factor of 2 as well
(from Mg to Ti). According to the present work the characteristic
properties for electron bombardment should be similar. Roptin
(1975) obtained similar values for aluminium and gold for the
position of the maximum as Hasselkamp did. There are no recent
results for the metals with the highest position of the maximum
for primary electrons except from Musket (1975). The distributions obtained by him had quite similar properties independent
of the primary particle (cf. Section III) and agree with the results
of Hasselkamp et al. (1987).
For aluminium Schou (1980a) has calculated the energy dis tribution do/dE 1 on the basis of a cascade treatment. The agreement is fair, but the recent evaluations of the energy distribu tion by Bindi et al.(1980a , 1987), Rosier and Brauer (1981b) and
by Dubu s et al. (1986) show similar promising tendencies as
well.
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Fig. 14. The proton-induced energy spectra do/dE 1 from Au
for S different primary energies. The spectra are measured
in absolute units. (From Hasselkamp (1985)).

Vld. The low-energy stopping power dE 0 /dx
For metals the stopping power for low-energy electrons has
been calculated by Ashley et al. (1979) and Tung et al. (1979)
on the basis of dielectric theory for a free electron gas. This
treatment was extended to include transition metals and noble
metals with a varying density of free electrons by the so-called
local density approximation (Tung et al. (1979)). For the nearlyfree -electron metals the stopping power NSe(Eo) turns out to
be closely related to the energy E0 and the density of free electrons ne by

al. (1976, 1978)).
In principle , it is now possible to evaluate the yield and energy
distribution, Eqs. (31), (32) or (33) with the stopping power
approximation (50) or with the evaluations taken directly from
the work of these authors. The absolute magnitude of the stopping power at the low energies which are important for secondary electron emission , may be somewhat uncertain. Nevertheless , the stopping powers (and Eq. (50)) may be quite useful
for estimates of the secondary electron yields.
On the basis of the stopping power from Tung et al. (1979)
the material parameter A may be calculated by means of a
general power cross section in a way similar to that of Schou
(1980a). The parameters are listed in Table 2 together with the
appropriate values of {3, Eq. (35) for some of the nearly-freeelectron metals , for which the stopping power calculations can
be expected to be most reliable. The values of {3 for protons
have been evaluated on the basis of the proton stopping power
in this energy region (Schou (1980a), Andersen and Ziegler
(1977)). The predictions are quite satisfactory compared with
the data for the electron-induced secondary e lectron yield (Bronshtein and Denisov (1965)) and the ion-induced yield (Hasselkamp (1985)) from beryllium.

(50)
The constant Cf is about 8. 9 · 10- 2 when the density is given
in nm - 3 and the energy in eV. The approximation (50) is fair
from the work function up to at least 20 eV above the Fermi
energy. The stopping power from this approximation is shown
in Fig. 15 for the most common nearly-free-electron metals. The
results indicate clearly that the lowest density leads to the largest
stopping power.
These stopping powers have all been calculated without inclusion of electron exchange. A preliminary study by Tung et
al. (1976) seems to demonstrate that the energy dependence of
a stopping power , which includes electron exchange, is similar
to that of Eq. (50).
The treatment has been generalized by these authors to semiconductors as well as insulators, (Tung et al. (1976), Ash ley et
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Fig. 15. The low-energy stopping power dEo/dx for nearlyfree-electron metals as a function of the electron energy from
the top of the conduction band. The figure shows the freeelectron densities ne equal to 0.1, 0.2 and 0.3 electrons per
10- 3 nm3 estimated from Eq. (50). The four metals Li, Mg,
Al and Be are included.

This spectrum calcu lated for beryllium has been inserted in
Fig. 5. The shape is quite similar to that of the exper imentally
determined one, although the abso lute magnitude is about a factor of two too low. Neverthe less, the agreement is satisfactor y
in view of the available low-energy stopping power, and because
the factor rmis not included com pared with the evaluation in
Scho u (1980a).
Vie. The influence of the work function
The appro ximation for the stopping power, Eq. (50) , provides
us as well with a simp le method for estimating the influence
of the work function <I>.We obta in in a stra ightlor ward manner
from Eq. (32) the seco ndary elect ron y ield

For insulators there is no electronic stopping below the energy
that correspo nds to the band gap according to the discussion
in Section Ya. Below this energy the internal secondaries cannot
loose energy by exciting a valence electron. Then the spectrum
is expected to increase drastically because of the small nuclear
stopp ing power. This is nicely demonstrated by the energy distribution in Fig. 5 for an oxidized Be surface , which has a band
gap of about 8 eY (Fowler and Blakely (1984)).
The yield is determined by three properties , the Fermi energy,
the workfunction and the electronic stopping power at the energy
Eo = 2EF (meas ured from the bottom of the conduction band).
Therefore there is no reason for expecting any simple dependence
on the atom ic numb er Z even for metals. Nevertheless , there
have been several attempts on comprehensive treatments on such
theori es for a seco ndar y electron yield dependence on Z, for
example by Makarov and Petrov (1981)or Ono and Kanaya (1979).
The approximation for the stopping power, Eq. (50) , provides
us with a simple evaluation of the energy spectrum

"" const.(n e085/cFEF24)dy(l -

<I>
/EF+ I

ca nst. (ne085/cFEF24)

1

dy(l Yrnin

<I>
/ EF+I )/(y(y-1) 24 (52a)
Y

where

Yrnin = I

+ ¢ /EF

(52b)

ln this approximation for the yield the dependence on the work
function enters solely in the integral. Figure 16 shows the reduction of the yield with increasing work function for realistic ratios
of <I>
/EF evaluated from Eqs. (52a-b). Actually , the decrea se
in yield is in satisfactory agreement with the results from
Schaefer and Hoelzl (1972), who pointed out that the yield from
platinum was enhanced, if the work function were reduced to,
for example, one-half of the initial value.

(51a)

y

where
(51b)
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a

Vlf. The yield dependence on the angle of incidence
The secondary electron yield from proton bombardment

0°

of
polycrystalline materials for oblique angles of inciden ce is generally well approximated by the power approximati o n , Eq . (8) ,
with n = 1.0 (cf. Section !Ya).
In contrast , the angu lar dependen ce of the electron -induced
yield is different for the two contributions Ila and ll 1. The behaviour of the seco ndary electron yield is determin ed by the
larger of the se two components. The behaviour of the quantit y
Ila is the simpl er one and may be expressed as
lla(0)

=

Ila (0

=

0 °) cos - n 0

(53)

45° 60°

70° 75°

;n=1.35

s imilar to Eq. (8). The component Ila at th e energy 2 keY is
shown in Fig . 17 up to an angle of about 70°. The value s for the
metals a nd silico n have been determin ed by Bron shte in and
Denis ov (1965) and Bronshtein and Do linin (1968) in a co mpr ehe nsive thin -film experiment. The data for so lid hydrogen from
S0r ense n and Schou (1982) are actually res ults for ll, but the
co mpon ent ll 1 is very small for hydro ge n and deute rium since
the reflection coe fficient for these so lids is below 0.1 up to about
60 °. Obvi ously the exponent decrea ses as a function of the ato mic
numb er from 1.65 for the lighte st ele me nt dow n to about 1.0
for e lements heav ie r than silicon. Th e behaviour has been anal yzed by S0rensen a nd Schou (1982) o n the basis of dominant
casca de production for so lid hydrogen and lead. The predictions
agree well with the expe rim e ntally dete rmin ed value of the expon ent , but for ber y llium the experimental value is abo ut 30
pe r ce nt lowe r than the theor etical one. Howeve r, an es timat e
based on primary io nization only lea ds to fair ag reeme nt for
so lid hydro ge n as well (S0 re nse n and Schou (1982)).
The genera l trend is obv ious from Fig. 17.The light mater ials,
for which Ila is the dominant co ntributi on to the seco ndary elec tro n y ie ld ll, show a strong increase of the yield with angle.
In co ntra st , the y ie ld for heavy mat e ri als is determined mainl y
by the co ntributi on ll 1• This quantit y increases very slow ly with
the a ngle 0, and the enhan ce ment from the small co ntribution
Ila influ ences the y ie ld ll only weakly.

+
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0
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~
0

'°

n = 1.00

Si

n = 1.00

Pb

10

Fig. 17. The angular dependence of the "partial" yield llo
produced directly by the primary electrons. The yield llo(0)
is depicted in units of the value at perpendicular incidence
for four elements. Exp. points: H, Sorensen and Schou
(1982), Be, Si and Pb up to 0 = 60 °, Bronshtein and Denisov
(1965), Be and Pb for 0 > 60°, Bronshtein and Dolinin (1968).

Vig. The yield from mixtures
For chem ical comp ound s or mi xtures the formul as shown here
have to be mod ified. Th e surfac e value of the depos ited energy,
the low-e ne rgy sto ppin g power , the ma gnitud e of the surfa ce
barrier , and possibly the ionizat ion cross sec tion change to values
w hich a re mu ch less known than th ose of the pur e e leme nts.
The resulting stoppin g power for th e prim a ry and low-e nergy
e lec tron s may be ex pre sse d by Bra gg's rul e (Sig mund (1975)).

lite rature does not include mixtur es and the ir co mp onent s apart
from a few cases . Ono and Kanaya (1979), for example , indicat e
that the ma ximum of the seco nda ry e lec tron yield of se miconductor compounds may be evaluated as a stoichiom etric average
of the maximum for the two components.

(54)

where the co ncentration s c and the stoppin g power s have bee n
indicated by a subscript.
A particul arly striking application of this formula ha s been
perform ed by S0rensen et al. (1983) for so lid hydroge n , deuterium and so me mixtures of thes e elements. Th e only quantity
that varie s is the low-energy stopping power IdEa /dx I (which
is determined by the nuclear stopping alone for the lowest e nergies). The theoretical predictions show a fair agreement with
the experimentally obtained y ields.
Unfortunately , no systematic results appear to ex ist for elements and their mixtures obta ined at the same exper imental setup apart from the work of S0rensen et al. (1983). The recent

VII. Conclusion
For proton -induced emission the amount of recent data is compreh ensive , although alloys and insulatin g mat erials have be en
studi ed only slightly. The results demonstrate primari ly that the
secondary electron yields are essentially proport ional to the stopping power , i.e. the yield divided by th e stopping power is a
con stant (""' {3A). The shape of the energy distribution is independ ent of the primary energy.
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The present theoretical treatment predicts similar features for
the electron-induced yie ld . This j ustifies the compar isons between the two types of primary particles. If no reliable surface
value of the deposited energy is availab le, one may extrapo late
the seco ndary electron yield above (or possibly below) the primary energies measured by varying the stoppi ng power for the
primary electron. For primary energ ies above 2 keV one expects
that the shape of the energy distribution is independent of the
primary energy according to the comparison with the data for
ion bombardment and the theoretical cons iderations.
The present level of theoretical treatments has now reached
a point where a comprehensive data base for electron -induced
emission is desirable. The transport theories provide us with
results for the yield and energy spectrum from the nearly-freeelectron metals as for example aluminium. These metals are
in many respects the simplest ones for theoretical ca lculations
because of the constant density of electrons in the conduction
band . On the other hand, it is difficult to keep the metal surface oxygen -free during the measurements especially for these
meials. Nevert heiess, high quaiity data from well-characterized
surfaces not only from nearly-free-electron metals, but also from
the transition and noble metals are necessary to stimulate theoretical progress. In particular, yie lds 8 and energy distr ibutions
d8/dE 1 in the energy range from 2 to 20 keV are desirable . With
respect to the development in theory the calculations of the lowenergy stopping power as well as the surface value of the de posited energy sho uld be improved.
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Discussion with Reviewers
D.C. Joy : In your opinion is it worth try ing to obtain measurement s of seco ndary e lectron y ie lds, etc. , in a sca nnin g electron
microsco pe g iven the usual co ntamin ation levels experi enced?
Is it not likely that all material s will give about the same results
because of the pre se nce of a surfa ce layer of crac ked hydrocarbons ?
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forgen Schou
Author: In both cases, no corrections for exchange effects have
been applied, i.e. the energy loss in an electron-electron collision
can exceed one-ha lf of the primary energy. If the power cross
section in the derivation by Schou (1980a) is genera lized to include exchange effects, the material parameter A does not change
much. The corrected stopping power IdEo/dx I becomes lower
than the uncorr ected quantity, but this is partly compensated
by a correspond ing reduction in the coefficient
in the
numerator (Schou 1980a)). However , the present accuracy of
the evaluation of the low-energy stopping power dE o/dx does
not encourage one to any refinements of the theory . The stopp ing power in the numerator of Eq. (32) originates from the
number of liberated electrons of an initial energy that exceeds
Eo, cf. Eq. (30). Also the stopping power in Eq. (32) may be
genera lized to include exchange effects for primary electrons.
At energies about or above I keV a corrected cross sect ion hardly
leads to a ny change in magnitude. One shou ld note that in the
stopping power for electrons, Eq. (7) , exchange effects as well
as the Pauli exclusion principle have been incorporated.

Author: I agree in the point that the cracked hydrocarbons may
influence the y ield . Nevertheless , I would consider such mea surements useful to that extent that the contamination is we ll
characterized.

D.C.Joy: Do you believe that secondary electron contrast arising
from work function differences might be visible in an SEM ,
again considering the probable effects of surface contam ination?
Author: I expect that a contrast induced by work function
changes is visible in a clean system. Of course, if the contamination is too strong, on ly the contaminants will be visib le.

rm

H. Seiler: The yield of proton-induced electron emission has
a maximum at about a primary energy of 100 keV. Does there
exist a maximum for heavier primary ions too and is there a
shift of the maximum to higher primary ene rgies with increasing mass of the primary ions?
Author: A systematic investigation of this feature has not yet
been performed , since it requires primary energies far above
I MeV. For primary He +- ions a maximum has been observed
close to that of the stopping power for aluminium , silver and
tungsten by Hasselkamp et al. (1981). The genera l picture for
helium ions is that the yie ld follows the behaviour of the stopping power similar to the agreement shown for protons in Fig .
12. The maximum of the electronic stopping power for a primary
ion of atomic number Z 1 is expected to lie in an energy regime
characterized by E

z

Zfi3Ep, where

P. Sigmund: Most of your transport theoretical discussion could
easily be extended to comprise the lateral distribution of emitted
electrons which is of spec ial interest in scanning microscopy.
Would you care spelling out some conclusions? I am thinkin g
in particular of the difference between insulators and metals with
regard to depth of emergence .
Author: The lateral distribution of the emitted electrons is wider
for insulators than for metals because of the small stopping power
in the denominator of Eq. (26). This means in turn that the
spat ial resolution may become worse for insulators with a charac teristic escape length " comparable to the dimen sions of the
beam spot than for material s with a small "·

Ep = _.!._mpvi mp is the

2

proton mass and v 8 the Bohr velocity. Koyama et al. (1982)
measured the secondary electron yie ld induced by MeV-nitrogen
ions. Their results obtained on the high -energy side of the stop ping power maximum confirm that the behaviour of the yield
resembles that of the stopping power for this ion as well.

P. Sigmund: You me ntion the (cos 0) - n dependence of the
yield on angle of incidenc e. Could you discus s experimental
and theoretical evidence about what is go ing to happen near
grazing incidence , i.e. , 0 approaching 90 °?
Author: Thi s relation is valid on ly up to 50 -70° with constant
n for primary electron or protons. At larger angles of inciden ce
the yield increases more slowly (Svensson et al. (1981) and
S0rensen and Schou (1982)). For primary rare gas ions heavi er
than helium a maximum in the yield was observed by Svensson
et al. (1981) for 0 between 80 ° and 85°. A similar maximum
has not been observed for electrons or protons. In an ideal case
the expected yield for 0 = 90 ° has to be zero, since no primarie s
strike the surface. One may imagine a simple example , in which
an insulator with a large characteris tic escape length " is irradiated by a beam at an angle very close to 90 °, so that the penetra tion depth x < "· The y ie ld will decrease with the ang le when
an increasing number of primaries are scattered out of the target
before being slowed comp lete ly down.

H. Seiler: Is there a shift of the maximum of the o(E)-y ield
curve with increasing angle of incidence to higher primary
energies of the proton s?
Author: This shift, which is well-known for electrons with
energies below I keV (Seiler (1983)) , has not been observed
for protons (Svensson and Holmen (1981)). Actually , these
authors demonstrate that Equation (8) holds well with the same
value of the exponent n ( z 1.05) on both sides of yield maximum
for aluminium up to 0 = 70°.
H. Seiler: According to the papers of B. Fagot and CH. Fert
(J. Microscopy 5, 389, 409 ,1966) the energy distribution of argon
ion em itted e lectrons is quite different for different metal s. Is
that true also for the energy distributions of electrons released
by proton impact.
Author: I have found this question so important that it is incorporated in the text (cf. Sect. Vlc). The characteristic properties as the position of the maximum and the full width at half
maximum depend on the metal and vary within a factor of two .
P. Sigmund: Theoretical express ion s for the stopping power
of an electron are usually based on the convenrionthat the energy
lost in an individual scatter ing event cannot exceed half the
primary e nergy. A conventio n of this type is required by the
indistinguis habilit y of primary and secondary electrons . A
measured electron yield or spec trum , on the other hand , cannot
depend on a conven tion . In your picture , which is the precise
stopping power definition that enters into Eq. (32) , a) in the
numerator and b) in the denominator?
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